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ABSTRACT

This report presents an overview of current technology and programs including some
economic studies in low, intermediate, and high temperature thermal energy storage for
solar applications and an assessment of key problem areas. Previous studies of the
economic role of storage for solar home heating and stand-alone electric plants are
examined first and factors which affect the economics of storage are discussed. Next,
the costs and storage capacities of representative sensible and latent heat storage
materials are summarized. Various modes of operation are also presented for thermal
storage by reversible chemical reactions, but this technology is at such an immature
stage of development that its economic and technical potential are not clearly
understood. Some new ideas in containers and heat exchangers are reviewed to illustrate
possible innovative approaches to reducing storage costs. A more detailed examination is
then made of reversible reaction storage, and gas-solid reactions are shown ‘to have
desirable attributes for solar energy storage. However, there are problems with heat
transfer and heat exchange for these systems that must be solved to make such systems
more economically attractive. The DOE programs in thermal energy storage are
reviewed in light of this review, and recommendations are made for future program
directions which appear at this time to have the greatest potential impact on reducing
technical and economic barriers to thermal storage utilization.
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SECTION 1.0

INTRODUCTION

1.1 THE ROLE OF STORAGE

Since solar radiation is an inherently time-dependent energy resource, storage of energy
is essential if solar is to meet energy needs at night or during periods of cloud cover.
Storage provides a reservoir of energy which can adjust for phase differences between
local solar energy supply and the load demand. For instance, in home heating the
maximum solar energy availability is during the middle of the day while the maximum
heating requirements are generally during the night—a difference of about 12 hours,
Storage allows an adjustment for this mismatch and solar home heating systems are more
economically attractive with storage than without because of the increased effectiveness
of equipment utilization [1, 2, 3]. Storage is essential if solar is to meet a large fraction
of total energy needs for many such applications.

Energy storage is not a new technology and examples can be found throughout history.
For instance, the thick adobe walls used for the homes of the Pueblo Indians in the
American Southwest served as a means of thermal storage. The outside walls would
absorb energy during the hot days, but the interior would remain cool. Then the stored
energy would warm the living quarters during the cold desert nights. Thus, the thermal
storage provided by the building mass moderated the interior temperature against the
external extremes.

Due to the declining availability of inexpensive fossil fuels, energy storage is again
assuming an important role. Most alternate energy sources such as wind, solar radiation,
and nuclear power do not naturally provide energy in a pattern which matches the time-
dependent character of the load profile and it is necessary to store energy if the
particular energy resource is to service the noncoincident portion of the load. The
example of the adobe walls provides just this ability to extend periods of energy excess
into times of deficiency.

The utility of energy storage is not restricted to solar applications. In fact, improve-
ments in energy storage technology can significantly alter the market in which solar
must compete [4. For instance, electric storage heating units are used in European
countries as "load leveling" devices [5]. A thermal storage unit is charged by electric
resistance heaters when a lower off-peak electricity rate is offered. The heat is released
from storage at times when the electricity rates are higher. Consequently, the electrical
utility demand curve is more uniform and a higher fraction of the load can be met with
less expensive electricity produced in nuclear or coal baseload plants rather than by oil-
fired peaking plants. Alternatively, the utility can use a central storage unit in a "peak
shaving" operation. A storage device is charged with excess power from a baseload plant
during off-peak periods, and the energy is released to the electrical grid during peak
demand periods. Again, more baseload plants can be used with a econsequent reduction in
oil-fired peaking plants and associated high fuel costs. In both applications, less
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expensive and more reliable storage lessens the reliance on oil imports, reduces the
consumption of scarce fuels, and cuts the price of generated electricity.

Since solar radiation can be converted into various forms of energy, storage is possible by
a variety of means. Modern mechanical means include sophisticated flywheels, pumped
hydroelectric, and compressed air storage. Thermal energy may be stored as sensible
heat changes, latent heat changes, or changes in chemical bond energy. Batteries and
other electrochemical processes allow electrical energy to be converted into chemical
forms for storage and fuels such as hydrogen may be produced to store energy. Many of
these technologies are in their early stages of development, and only a few storage
subsystems are presently used in energy conversion systems.

Generally, the choice of the storage media is related to the end use of the energy supply
and the process employed to meet that upplication. For thermal conversion processes,
storage as thermal energy itself is most effective. For photovoltaic processes, storage in
a chemical form (batteries) appears more appropriate. In the case of some photochemi-
cal reactions, the conversion process itself forms the storage media directly. Alterna-
tively, hydrogen can be produced electrically or thermally.

The location and type of energy storage in the overall system is not always as well
defined as the above discussion suggests. For example, in a solar thermal electrie plant,
steam is generated by concentrating solar collectors and is used to run a turbine. The
turbine powers a generator to produce electricity. If the system is to withstand
transients in insolation or produce power in the evening hours with solar energy, a
storage device must be integrated into the process. As shown in Figure 1-1, storage
could be provided as thermal energy between the collector and turbine, mechanical
energy between the turbine and generator, or chemical energy by & battery (or potential
energy in a pumped storage unit) between the generator and the user. Since the turbine
and generator are less than 100% efficient, the closer the storage is located to the solar
source, the more storage capacity will be required for a given final output of electricity
provided all the storage units have the same efficiency. On the other hand, locating
storage near the source reduces the size of all subsequent plant components since they
are used for longer periods of time. Thus, better conversion efficiencies, lower capital
costs, and higher utilization of equipment result. The ultimate type and location of
energy storage generally depends on achieving the lowest delivered energy cost with the
highest value and satisfactory reliability, and it is necessary to examine the entire
system integrated into its specific application to arrive at the optimum solution.

1.2 REPORT OBJECTIVES AND ORGANIZATION

The main objective of this report is to present an overview of economic factors which
effect the role of thermal energy storage for solar applications and important storage
technologies currently under development. A broad introduction to thermal energy
storage is provided. In addition, advanced thermal energy storage by reversible chemieal
reactions is examined in some detail. Based on the review, problems are identified which
warrant further research and development to reduce important technical and economic

L ——
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barriers to storage utilization. -The reader may consult the references at the end of this
report for more details and other perspectives.

This report will examine only thermal energy storage for solar applications. Section 2.0
reviews representative studies that define possible economic contributions of thermal
storage to home heating and electric utility applications. In addition, other potential
uses for solar thermal storage are outlined along with current ideas about the utility of
storage and anticipated economie needs and problems. Section 3.0 then summarizes the
various classes of thermal storage and the materials which are now being considered. In
addition, the costs of representative materials are presented for sensible and latent heat
storage. Section 4.0 looks at problems in containment of storage media and possible
solutions. Heat exchanger problems and concepts are also outlined in Section 4.0.
Section 5.0 addresses the thermodynamic and kinetic .limitations associated with
reversible chemical reaction thermal storage schemes and the characteristics of the
energy delivered.

With the various important issues defined, Section 6.0 summarizes the DOE thermal
storage programs supported by the Chemical and Thermal Branch of the Division of
Energy Storage Systems (STOR), the Research and Development Branch of the Division
of Solar Applications, and the Solar Thermal Branch of the Division of Central Solar
Systems. The issues addressed by the various funded projects are emphasized. Then
Section 7.0 briefly discusses the various technologies. Problems are identified which the
author believes warrant further research and development to augment the DOE thermal
storage program and address critical issues not currently being investigated.
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SECTION 2.0

THE ECONOMICS OF SOLAR ENERGY STORAGE

2.1 SELECTED SOLAR SYSTEM STUDIES

The capacity, type, and location of storage which minimize the delivered energy cost for
a given solar process depends on the solar availability, the nature of the load, the cost of
auxiliary energy, the reliability of the process components, the fraction of energy
required from solar, and the price of the system components. These factors must all be
weighed carefully for each application to arrive at the particular system design
(including storage duration) which minimizes the final delivered energy cost. In the
following discussion, summaries of particular cost optimization studies will be presented
for thermal storage in home heating and electric power generation. The optimum
technical and economic solutions involve particular assumptions about the controlling
factors and should not be taken as universally valid. However, these studies illustrate
the moderate amount of storage capacity generally thought to be economically
attractive for these applications. Results for other important thermal applications such
as solar air conditioning and process heat are not included in this report.

2.1.1 Storage for Solar Home Heating

A study of active solar home heating was performed by L8f and Tybout [1, 2. The
following discussion will focus on the storage aspects of their work.

The system studied consists of flat-plate solar collectors tilted from the horizontal with
necessary pumps or blowers to transfer heat by water or air from the collectors to
storage. All the solar energy provided goes through the storage unit first as shown in
Figure 2-1. Since the storage unit is located inside the house, heat losses from storage
are to the house itself and do not penalize the solar heating efficiency when indoor
heating is desired. They are only true losses when there is no need for indoor heat.
Storage may be in a tank of water or rock bin depending on whether water or air
respectively is the heat transfer fluid. The stored energy could be used for either space
heating or hot water. A full-sized backup heating unit is provided since the authors
found it to be very costly per unit of energy.delivered to meet the total heating demands
by solar energy alone. Both the conventional heat source and the solar heating unit use
the same heat distribution system to serve the house heating needs.

A computer program was written to describe the performance of the home heating
system. To make the results easily adaptable to different systems, all the design
equations were written on the basis of one square foot of collector area. The program
requires that the collector temperature exceed the storage temperature by 10°F before
fluid is circulated between the storage device and the collectors. This is done to
overcome heat losses in the transfer process and to ensure that enough energy is
available to justify the electricity cost for operating the pump or blower. Since the



TR-089

S=Rl@

-» Optical Losses
- Thermal Losses
Heat Overflow

Angle of
Collector Tilt

South
“ Heated Fluid
Fluid to_/’
be Heated
R e T 4 To leing Quarters I et
e 1 e Ry - ——— L M—
{———»Heat Losses | Supplementary
Solar S Heat | Heat
Heat _—K pace Hea -
Storage Hut Water
Heat )

Figure 2-1. SOLAR HOME HEATING SYSTEM [1]



TR-089

- i
1 -
- -

collector temperature must exceed the storage temperature before fluid can be
‘circulated profitably, it is more difficult for the collector to get to a high enough
temperature to provide additional energy to a charged storage device than to add heat to
a discharged storage unit.

The objective is to find the solar component sizes and the mixture of solar and
conventional fuel which minimize the cost of delivered energy. At the time of the
referenced study, commercial solar heating systems were not widely used and price
information was somewhat sketchy. In addition, the costs employed in the analysis were
for 1961-1962 and since they are no longer applicable they will not be discussed in detail
here. However, the authors found that changes in price levels did not significantly affect
the conclusions of the study and more recent work has substantiated the general storage
requirement trends [3, 6]. Therefore, the findings of L8f and Tybout still have merit in
matching storage requirements to home heating needs. '

The solar heating system performance was determined with the developed model for
eight different sites within the United States. The locations shown in Table 2-1 were
judged representative of a range of world climates. Cities in parentheses are locations
where actual data was taken if the city identified in the analysis is diffferent from the
actual monitoring station by a few miles. A full year of hour-by-hour horizontal surface
solar radiation, atmospheric temperature, cloud cover, and wind speed data was selected
for the year the Weather Bureau advised to be most typical for each location. This
information was used in the model.

To keep the number of computer runs reasonable, each of the seven design and demand
parameters was varied independently while maintaining all the others constant at levels
believed to be nearest their optimum. Each variable was optimized for a 28.5 MJ/°C-day
(15,000 Btu/°F-day) and 47.5 MJ/°C-day (25,000 Btu/°F-day) house. The influence of
storage capacity on energy cost is shown in Figure 2-2 for three of the cities studied.
The percent heating by solar with these designs is shown along the lines drawn. Since
only the storage capacity was varied in Figure 2-2, the absolute costs shown on the
ordinate do not represent general least cost values. They were judged adequate for the
relative comparison made in the study.

One observation from Figure 2-2 is the occurrence of the minimum delivered energy cost
for this study at .2 to .3 MJ of storage capacity per °C storage temperature rise and m
collector area (10-15 Btu/°F- ft2 ) for each of the sites shown with a range of .2 to
.4 MJ/°C-m?2 (10 to 20 Btu/°F-ft2) for all sites studied. This may be translated into
storage mass by dividing these values by the heat capacity of the storage material. Thus,
storage capacity varies quite closely with collector area. However, L8f and Tybout
found that the optimum collector area changes significantly with sites (details are
available in References [1, 21). The somewhat fixed storage capacity to collector area
ratio means. that the larger collector areas required in colder climates must be
accompanied by more storage to meet the higher fluctuation in solar insolation. Overall,
the increase in both storage and collector capacities causes the energy delivery cost to
be higher for colder cities such as Boston.
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TABLE 2-1

EIGHT LOCATIONS USED IN SOLAR HOME HEATING STUDY [1]

YEAR SITE CLIMATE CLASSIFICATION

1955 Miami Tropical Savannah

1959 Albuquerque Tropical and Subtropical
Steppe

1956 Phoenix Tropical and Subtropical
Desert

1955 Santa Maria Mediterranean or Dry Summer
Subtropical

1955 Charleston Humid Subtropical

£ 1960 Seattle-Tacoma Marine West Coast

1959 Omaha (North Omaha) Humid Continental, Warm
Summer

1958 Boston (Blue Hill) Humid Continental, Cool
Summer

’

Another important conclusion from this study is the moderate storage capacity
required. A minimum storage temperature of 29°C (85°F) is used since heat could not be
effectively supplied to the house below this value. A maximum temperature of 93°C
(200°F) is specified to prevent boiling of the water. If the storage device could swing
through the full 64°C (115°F) temperature range allowed between these limits, only
enough heat could be stored at Albuquerque for about one winter day with the selected
storage capacity. In Boston, about two days heat could be stored. In practice, even less
heat could be stored since a temperature swing of less than 64°C is expected in the
winter. In any event, storage durations on the order of one week were definitely not
cost-effective in this study for the fixed collector size as shown in Figure 2-2.

2.1.2 Dedicated Storage for Solar Electric Power Plants

The delivered energy cost has also been examined for one type of chemical storage in a
high-temperature solar thermal electric power plant. Results obtained by Ilannuceci [7]
augmented by those of Iannucci, Smith, and Swet [8] will be summarized since they
illustrate the interaction between storage capacity and the collector field size.

11



Furthermore, the studies have potential merit for other applications with similar fixed
daily demand patterns.

The objective of the studies was to determine the economie role of storage for a stand-
alone solar electric plant—a plant which supplies all the electricity needs of an
electrically isolated community. The plant is powered either entirely by solar or by solar
with a fossil fuel backup. Thermal storage is provided by the 503/802/02 reversible
chemical reaction (see Section 3.0 for more information on this reaction). Chemical
storage was chosen since the materials can be stored at low temperatures and the long-
term storage required for stand-alone plant operation can be provided. When the stored
energy must be released, the reaction is able to produce the high temperatures necessary
for the electric plant. Chemical storage also provides high energy storage densities.
However, for this choice of reaction, compressing the gases far storage could aversely
affect the economies.

Storage costs were estimated from the prices of the key components required. Power
related costs (reactors, compressors, etc.) were calculated based on the maximum
storage charge and discharge rates while energy related costs (chemicals, storage
vessels, etc.) were based on the required storage capacity. Although the storage
component costs were believed to be reasonable, chemical storage is still in the early
stages of development and significant uncertainties exist in the estimates. In addition,
less costly or more efficient chemical reaction storage systems could probably be
found. Therefore, the results are only an early indication of a possible economie storage
role at this point.

A computer model was constructed of the solar plant with chemical storage and fossil
backup (if one is specified). The model uses an entire year of hour-by-hour insolation and
load data. It determines how the load will be satisfied and how much energy is added to
or removed from storage. An hour-by-hour simulation is needed to examine the complex
interrelationship between the load, insolation, and storage.

The busbar energy cost (mills/kWh) in the first year of plant operation was minimized.
An optimization routine varies the plant component sizes, and consequently the amount
of fuel burned, to vield the lowest cost solution. Thus, as the enllectar field size is
changed, the optimization program will determine the proper amount of storage
necessary for the hybrid solar/fossil plant to generate electricity at the lowest cost for
the consumer. A reasonable spectrum of fuel escalation rates was examined because the
cost of fossil fuel affects the optimum solar involvement significantly.

Two different modes of plant operation were considered. In the first, the goal was to
maximize the solar output of the plant with economic considerations taken as secon-
dary. The solar output as a percentage of the total energy demand by the load is shown
in Figure 2-3 with respect to the mirror area for a nominal 100 MW, plant in Inyokern,
California. The mirror area is specified in solar multiples where a solar multiple of one
is the mirror area required to produce 100 MW e at noon on a cloudless June 21. A solar
multiple of at least 2.63 must be provided to meet 100% of the load by solar and this
minimum mirror area is called the critical solar multiple (CSM). The value of the CSM
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will change somewhat with storage efficiency. The value of 2.63 corresponds to a
storage efficiency of 65%. Figure 2-4 presents the storage capacity in hours of full plant
output for the plants of Figure 2-3.

For a mirror field of up to a solar multiple of 2.0, the storage requirements are modest.
However, the plant cannot meet the energy requirement by solar alone. The storage
requirements rise sharply beyond a solar multiple of 2.0 and peak at the highest storage
requirement near the critical solar multiple. For this collector area as well as any
additional area, the 1009 solar goal is achieved. Further increases in collector area
result in a dramatic decrease in storage requirement until the minimum storage
requirements for a 100% solar plant are achieved at a solar multiple of 3.0 to 3.5. The
minimum storage duration must be adequate to last the longest time span without solar
insolation and cannot bé reduced with further increases in collector area.

The coupling of chemical storage requirements to collector area has interesting
consequences for the busbar energy costs (BBEC) shown in Table 2-2 for the year 2015
assuming a 7.5% fuel escalation rate. Two different collector area costs are shown in
this table. Only collector areas greater than the CSM are shown since less collector area
cannot provide 100% of the requirement with solar energy. The price rises sharply as the
collector field size approaches the critical solar multiple because of the increase in
storage capacity requirements. Up to this point, no energy can be discarded at all in an
effort to attain the 100% solar goal. However, once a collector field greater than the
CSM is available, energy can be discarded and there are many ways to provide 100% of
requirement from solar energy. Thus, storage is traded off for more mirrors. It is this
freedom to discard energy which allows economic factors to control the 100% solar
solution.

Once the minimum possible storage duration to provide 1009% solar eleectricity is
attained, further increases in collector area simply add to the field cost without
reduction in storage and the BBEC rises linearly. Consequently, the minimum BBEC for
this particular chemical storage system occurs at 3.5 solar multiples for a collector cost
of $60/m?2 and 3.0 solar multiples for a cost of $120/m?2. The fact that the optimized
collector area is close to the value for the minimum possible storage duration suggests
that storage is relatively expensive. Thus, the collector field will be sized greater than
the CSM for the storage system considered unless the field cost is extremely high in
which case the plant would probably not be built at all. However, if the storage system
cost is reduced, the optimum field size will decrease until the minimum sized field is
reached at the CSM for free storage. The cost of energy will drop for a cheaper storage
system choice. The interaction of energy storage duration and collector field size are
discussed in Reference [9].

While the collector area is the most expensive item at the optimal cost solutions, it is
not the minimum possible for 100% solar. Thus, the increase in collector costs beyond
the CSM is more than offset by lower storage costs at the lowest BBEC. At the lowest
cost solution, decreasing the collector area slightly causes the storage duration to
increase quickly, but the added storage capacity adds so little to the eleetricity cost that
the BBEC rises slowly. However, the increased storage duration adds reliability to the
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TABLE 2-2

RELATIVE ELECTRICITY COSTS IN 2015 FOR AN AUTONOMOUS SOLAR ELECTRIC
PLANT AS FUNCTION OF COLLECTOR FIELD SIZE AND ASSOCIATED STORAGE [7]

$60/m? $120/m?
Percent : Storage Storage Relative Relative
Satisfied Solar Receiver Charge Capacity Electricity Electricity
by Solar Multiple Size (MWt) Rate (MWt) (Hours) Cost Cost
100 3.0 596 286 2.8 .74 .97
100 3.5 550 250 36.1 .71 .98
100 4,0 519 233 3.6 .73 1.04
100 5.0 478 221 35.2 .80 1.18
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plant in the event of uncharacteristically long periods without sun. Therefore, it may be
desirable to design the plant with somewhat less collector area and more storage than
the lowest cost solution.

The second mode of power plant operation was to minimize the busbar energy cost
without regard to solar involvement. Thus, a fossil fuel backup system was used to
supplement the power provided by solar. This operation would likely be more in tune
with the strategy a utility would employ under ordinary market conditions. In this case,
a collector field with less area than the CSM is allowed.

A fuel escalation rate of 7.5% per year was assumed to assure a solar involvement.
Figure 2-5 shows the percent solar energy provided as related to the collector area
measured in solar multiples. The result is similar to Figure 2-3, but the percent solar
provided is less for any collector area and it asymptotically approaches the 100% solar
contribution instead of actually attaining that value. Figure 2-6 shows greatly reduced
storage requirements for the hybrid plant relative to the 100% solar plant. The storage
capacity still peaks near the CSM but at a value of only 4% of that seen in Figure 2-4.

In this study, the optimum hybrid power plant has a collector area less than the CSM.
The storage capacity also tends to be low with values usually under 15 hours. The plant
now needs appreciable amounts of energy from a backup source. However, due to the
lower collector area and storage needs, lower cost solutions result. For instance, at a
solar multiple of 2.5, 90% of the energy is supplied by solar but at a busbar energy cost
less than that for a pure solar plant. Table 2-3 presents the relative electricity costs for
the optimum hybrid plants with two different collector costs.

Once again, the freedom to discard collected solar energy yields a much more economi-
cal solution. If enough storage is provided to accept all of the available solar energy
throughout the year, a low utilizaton of the storage results in consequent high costs.
Thus, if a backup is available at reasonable cost, it is less expensive to employ the
backup to meet these infrequent demands than to store all the captured energy for the
storage system used in this study. Allowing hybridization between solar and fossil energy
sources can greatly reduce the storage, and therefore costs, relative to a 100% solar
solution.

A change in the pattern of insolation availability (storm duration) does not affect the
storage capacity for a hybrid plant as much as one for autonomous operation [8].
Extended periods without solar occur infrequently while occulation occurs every night.
Thus, overnight storage requirements exert far more influence on the optimized storage
duration than extended outages for a hybrid plant. On the other hand, a stand-alone
plant must be able to last the longest period without solar availability, even if it occurs
once in a year.

One of the more revealing studies by lannucci shows graphically the low utilization of
long-term storage [7, 91. In Figure 2-7, the percentage of baseload electrical demand
satisfied by solar is plotted against storage duration in hours for an Albuquerque site with
various collector field sizes cxpressed in critical solar multiples. The tradeoff between
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TABLE 2-3

' RELATIVE ELECTRICITY COSTS IN 2015 FOR A HYBRID SOLAE. ELECTRIC PLANT
AS A FUNCTION OF TH3I COLLECTOR FIELD SIZE AND ASSOCIATED STORAGE [7]

$60/m? §120/m?
Percent . Storage Storage Relative Relative
Satisfied Solar Receiver Charge Capacity Electricity Electricity

by Solar . Multiple Size (th) Rate (MWt) (Hours) Cost Cost
4.81 o1 20 0 0. .97 .98
24.04 .5 100 0 0. .86 .90
42.76 1.0 172 0 0. .75 .83
48.19 1.5 182 0 0. .74 .85
80. 2.0 398 161 6;1 64 .79
92. 2.5 462 204 8.5 .60 .79
94.6 3.0 463 205 8.4 .61 .84
95.5 3.5 455 199 8.1 .63 .90
95.9 4,0 445 191 8.0 .66 .97
96.4 5.0 435 185 7.9 .73 1.11
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collector field size and storage duration is obvious in this plot. For a given collector
field, there is an initially linear relationship between percent solar and hours of storage
up to enough storage to last overnight. Beyond 20 hours of storage, a point of rapidly
diminishing returns occurs because the storage utilization is so low. To gain a few
percent contribution by solar requires significant increases in storage beyond 20 hours.
The maximum useful storage duration is 845 hours to provide 100% solar for a collector
field size equal to the CSM. Similar trends in the storage-collector tradeoffs were found
for other cities [7, 9].

In summary, the work cited suggests that a significant storage capacity is potentially
desirable but that operation of a solar thermal power plant as an autonomous unit is not
as economically attractive as hybrid operation for the storage reaction selected. At
least enough storage capacity is required in an autonomous plant to last the longest
period without insolation and sufficient collector area must be available to assure that
the storage unit never completely discharges. The large storage capacity and collector
area necessary to meet these needs were more costly in the study than a backup fossil
fuel unit in the system and the utilization of the additional storage capacity and
collector area is so low that their cost cannot be justified by the fuel savings. However,
these results may not be universally applicable due to specific component costs used in
the study. A far less expensive or more efficient storage system, cheaper collectors, a
different alternative fuel than oil, or a different fuel price would probably alter these
conclusions; but the studies demonstrate that long-term storage should be inexpensive.
An analysis of the coupling between cost and efficiency goals illuminates the differences
between daily and seasonal storage [10].

2.1.3 Analyses for Other Applications

The study by L8f and Tybout did not include sufficiently long storage durations to be
considered seasonal storage. In such a case, the amount of solar energy collected
exceeds the demand during the summer months, and a storage unit is charged with the
excess energy. In the winter months, the demand by the load is greater than the amount
of solar energy collected, and the storage unit slowly discharges. Sufficient storage
capacity is provided to prevent the storage unit from completely discharging at the end
of the winter before the net charge cycle begins again and no backup unit is required.
The storage capacity for seasonal operation is significantly greater than those discussed
by L8f and Tybout, but the optimum collector field size would probably be less. As a
result, the cost of delivered energy could go through a second minimum for large storage
capacities provided storage is very inexpensive. A detailed systems study similar to that
of Iannucci is required to establish how the energy costs at that minimum relate to the
energy costs for the solutions investigated.

Although the study by Iannuceci provides a valuable first step in defining the role of long-
term storage for electric utilities, an important question in the solar powered electric
plant study is whether it is realistic to consider building a stand-alone plant. It is more
likely that the solar plant would be part of a grid composed of a mixture of nuclear, oil,
gas, and coal plants. Some of these plants would be used to meet short-term peak
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electrical requirements while other baseload plants would supply the power demand
which is constant 24 hours a day. The baseload plants tend to be high capital cost, low
fuel cost nuclear or coal plants while the peaking units are usually low capital cost, high
fuel cost fossil plants. The location and function of a solar plant within this grid must be
defined by a system study which considers the entire network.

The optimum type and location of storage for electric power plants must also be defined
in the context of the entire grid. For example, storage could be located between the
electric generator and user in Figure 1-1, and the device could store excess power for the
entire mix of generating units—not just solar. Storage in this role would take excess
baseload capacity in off-peak hours and make that energy available in times of peak
demand, thereby, reducing the consumption of expensive fossil fuels. Pumped storage
units currently provide just this capability. If the solar plant generates excess electricity
during certain load periods, it could be stored in the grid storage unit for later distribu-
tion. However, as mentioned in Section 1.0, storage of excess solar energy as electrical
energy rather than thermal energy results in lower utilization of the turbines and
generators in Figure 1-1; and these units must be larger to produce the same amount of
energy.

Other important solar applications exist besides home heating and electric power
generation. For example, industrial energy users consume 27% of the total U.S. energy
demand (20 quads) as process heat: About 22% (4.4 quads) is used at temperatures below
180°C (350°F) and 30% (6.0 quads) below 290°C (550°F) [11]. These temperatures are
considered accessible by current solar collector technology. However, storage is not
considered economically attractive now if an oil or gas backup is available because of the
large capital outlays required. For instance, if a plant runs 24 hours a day at a constant
load, it requires at least three times as much collector area to service the entire load
with sixteen hours of storage as it does to supply energy just during daylight hours with
minimal storage and an oil backup. Therefore, the capital cost, which is substantial
anyway, is about three times as high. Industrial users with an oil or gas backup tend to
favor only enough storage to withstand transients in operation. When the cost of solar
energy becomes less than for the backup fuels, more storage will become attractive.

In order to accurately define the optimum role of storage in any application, detailed
system studies are required. However, some generalizations are possible based on the
studies cited. If the load requirements are generally constant over time and the
collected energy costs are marginal, it will probably be cheaper to use a backup energy
source than storage for long periods without solar since the stored energy requires extra
collector field as well as storage. If the demand is highest during sunny periods, this
argument still applies. In either case, storage will only have a potential economic role if
the cost of delivered energy is cheaper from solar collectors than from an alternate
source. On the other hand, if the load requirements and solar availability are out of
phase as in home heating, storage actually improves the system economics since it allows
better utilization of equipment.

Another exception occurs if the collector field lies idle frequently during periods of high
solar insolation such as home heating systems in the summer or five-day work week
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process heat facilities on the weekends. In this case, storage could actually improve the
overall economics since extra solar energy can be delivered with the storage system
being the only additional cost. No increase in collector field size (and cost) is necessary,
and the size may in fact actually decrease since the stored energy could be used in place
of collected energy.

Hooper has suggested such a shift in collector area for home heating in northern latitudes
although, since the utilization of storage is low, the storage costs must be minimal for
this tradeoff to be economical [12]. In a five-day week process heat application, the
above tradeoff is more likely to be attractive since the stored energy utilization could be
high. For example, 16 hours of energy could be stored over a cloudless weekend and used
on a Monday night for a plant operating 24 hours a day, five days a week at a constant
rate. Provided most weekends are cloudless, the utilization is high. The actual storage
utilization will depend on the plant operation and the weather patterns. The next section
will discuss the impact of storage utilization more fully.

2.2 THE COST OF STORED ENERGY

The total cost of a thermal energy storage unit can be determined from the cost of the
total storage capacity (energy related costs) and the cost of energy removal or addition
(power related costs).

Total Cost = Energy Related Cost + Power Related Cost (1)

Storage capacity costs include the costs of the storage medium, container, insulation,
and any other items used for the actual storage of heat. The power related components
are such items as heat exchangers, pumps, plumbing, heat transfer fluids, and any other
device needed to tranfer heat tor the storage unit.

The total storage cost can also be related to the energy storage capacity and the power
capability from storage by:

Total Cost = (Energy Storage Capacity) (Storage Capacity Cost) (2)
+ (Power Capability) (Power Capability Cost)

The unit costs must be determined for the given storage capacity and power capability
since economies-of-scale can cause a decrease in unit price and changes in unit
configuration can result in discontinuities in the unit price [13].

In order to minimize the system cost given by Equation 2, the power capability and
energy storage capacity would be kept as small as possible and still provide adequate
energy transfer and the necessary storage duration time T:

. Energy Storage Capacity (3)
T = Power Capability
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For a device to provide long-term or seasonal storage, T will be generally very large.
The energy storage capacity will be much larger than the power capability, and the
energy related costs will generally dominate the total system cost of Equation 2.
Therefore, for a long-term storage device, it is necessary to find very inexpensive
storage materials, containers, and other capacity related items while the heat
exchangers and other power related components can be relatively expensive. On the
other hand, for a short-term storage unit which must only handle brief periods of cloud
cover (small T in Equation 3), the power related costs will generally dominate and the
power capability unit costs must be kept low to minimize the system cost. The unit
energy capacity cost can now be higher than for the seasonal storage without substantial
impact on the total cost. Of course, regardless of the cost breakdown, the total storage
system cost must be low enough to fit the applleation.

2.2.1 The Effect of Storage Utilization

To conceptualize the impact of the total energy storage cost on delivered energy costs,
the energy in a storage device is broken down into fictitious elements according to
useage. A solar installation is considered in which the demand is regular and independent
of the season. With minor variations, the final conclusions should apply to any system,
however. ‘

Initial blocks of storage added to the system are used nightly and during periods of cloud
cover, and substantial amounts of energy pass through these elements of storage.
Eventually, a point is reached where additional blocks of storage are only useful at
night. Once enough storage is available to last the shortest night, additional storage
elements are only discharged during longer nights in the year and-cloudy periods which
follow sunny days. Storage blocks beyond those required to last the longest night are
used less since cloudy and sunny days rarely alternate in a regular pattern. This
diminishing utilization of additional storage elements continues until enough storage is
added to provide a 100% solar powered system. Any storage beyond that amount is not
used at all. Figure 2-8 presents an idea of how the storage element utilization might
change as elements are added.

The degree of utilization of storage discussed above has important consequences on the
price of the energy delivered from the storage subsystem. For example, suppose a price
of $3/kWt-hr of capacity is projected for a thermal storage system. If 20% of that cost
will cover yearly charges for operation and maintenance, income taxes with straight
line depreciation, and the return on investment, the yearly cost of the unit is about
$0.60/kWt-hr. If the device is used 300 times per year to meet evening loads and periods
of cloud cover, the cost of the energy due to the storage unit price is about:

$0.60/kW*r-hr—yr
300 uses/yr

= $0.002/KW,-hr ($0.586/MBtu) delivered. (4)

This cost is only that associated with storage and negleects the price of collectors
hardware, etc. rcquired to charge the unit. The cost is low enough that storage is not a



92

High

Utilization-Uses/Year

Low

Figure 2-8,

Sto‘rage Duration

POSSIBLE UTILIZATIOM OF LAST ELEMENT OF STORAGE ADDED
VERSUS THE STORAGE DURATION TO THAT POINT

HRsES

.
@
4

68041



TR-089

- alka
- [ |
- -

major cost barrier in many applications for such high utilization. If the cost of collectors
required to charge storage is low enough, the total delivered energy cost could be
attractive.

If the storage block added to meet extended cloudy periods is examined, its utilization is
far less. Perhaps this fictitious block of storage would be used only four times per year.
With the same capital recovery factor as above, the cost of energy delivered from this
element is approximately:

$0.60/kW,~hr-yr
4 uses/yr

= $0.15/kWt—hr ($43.95/MBtu) delivered. (5)

When the costs of collectors, hardware, ete., are added, the delivered energy cost for
this case is not promising. Furthermore, for a utility the costs must be divided by the
efficiency of thermal to electric generation to obtain the cost for electricity. Thus, if
the average number of uses of total storage capacity is low, it is critical to develop very
low cost storage subsystems such as aquifers with projected first costs of about
$0.01/kWt-hr capacity or less. In all cases, a complete study of the entire solar system
with storage is required to clearly establish the economics of the delivered energy.

~ 2.2.2 The Effect of Storage Efficiency

The fraction of the energy used to charge storage which can be delivered to the load at
the required rate (efficiency) has important consequences on the delivered energy cost.
First, the amount of storage materials must be increased beyond the minimum theoreti-
cally required. For example, if 67% of the energy put into storage can be actually
delivered to the load, then 50% more storage capacity must be provided to allow for
these loses. Thus, the energy related cost is about 50% higher than if the same device
were 100% efficient.

The efficiency has perhaps more important consequences on the collector cost. To
provide the "lost" energy, the collector area must also be increased beyond the
theoretical minimum. Returning to the example above, the energy output from the
collector field to storage must be 50% greater than that from the storage device. As a
result, the collector field cost is higher than the minimum possible. The cost of the
energy from storage will be considerably higher in this instance since not only must the
minimum collector field and storage capacity be paid for, but the cost of the extra
components must be covered as well. As a result, low efficiency storage systems will
probably not provide competitively priced energy unless both collector and storage costs
are very low—an event not likely to occur in the immediate future-or excess energy
available at one time can be provided during periods of high demand, thereby reducing

collector size.

In considering energy storage costs, the penalty associated with the delivered energy

temperature must also be taken into account. If a process requires heat input at a
temperature T, the collector field must operate at a higher temperature T + AT in order
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to transfer heat to the process. However, if a storage subsystem is incorporated between
the collector and the load, allowances must be made for temperature drops between the
collector field and storage and between storage and the load. The collector field must
operate at a higher temperature, perhaps at T + 2AT. To further complicate matters,
some storage media go through a continuous temperature drop as they are discharged
(sensible heat liquids) or must undergo a temperature decrease to release energy
(reversible chemical reactions).

The lowest storage temperature during discharge must be higher than that required by
the load while the collector field temperature must be above the highest storage
temperature required during charging. Consequently, the collector field will operate at a
temperature considerably higher than the load requirements. In each instance, an
increase in collector temperature results in a decrease in collector efficiency and the
field size (and cost) will increase accordingly. In some instances, it may be necessary to
use a collector designed for temperatures higher than the actual load requirements,
usually with a higher cost. Alternatively, if the heat is converted to work, the process
will operate with a lower efficiency. The magnitude of the effect of temperature on the
system cost and performance depends upon the nature of the collector efficieney or the
type of work cycle utilized.
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SECTION 3.0

THERMAL STORAGE METHODS AND MEDIA

Thermal energy is stored as a change in internal energy of a material through shifts in
sensible heat, latent heat, heat of reaction, or combinations of these. In general, it is
desirable to use materials which possess a large change in internal energy per unit
volume to minimize the space needed to store energy. To be economically competitive
in commercial solar systems, it is important to employ substances with a high internal
energy change per unit cost. Other properties such as vapor pressure, toxicity, and
corrosiveness also must be considered since they influence the price of material
containment in commercial systems. In this section, thermal storage methods, material
costs, and some of the important properties which influence thermal storage costs will be
reviewed for some presently considered thermal storage media. The equally important
questions of containment and heat exchange will be addressed later.

3.1 SENSIBLE HEAT STORAGE

Raising the temperature of a solid or liquid is the simplest way to store thermal energy.
Most thermal storage devices now in operation utilize sensible heat storage since current
technology is generally adequate for good system design. The amount of energy stored,
Q, is equal to the integral of the specific heat, C_, between the peak and minimum
temperatures (temperature swing) experienced by the storage media:

Q= f G dr (6)

The peak temperature T, is fixed by the collector capabilities while the low temperture
T, is determined by the temperature required by the load. The material chosen must be
thermally stable and undergo no phase change between the temperature extremes. The
substance should also have a high heat capacity, high density, and an acceptably low
vapor pressure. Finally, it must be inexpensive. '

The energy storage capacities per unit volume of selected liquids for sensible heat
storage are shown in Figure 3-1 as a function of the temperature swing of the storage
media between the temperature limits of the liquid shown in Table 3-1. The heat
capacity data used to construet Figure 3-1 was quite accurate. However, an average
mass density was employed to give a feel for the volumetric energy storage capacities
since exact density data yields values which are only meaningful relative to a specified
lower operating temperature. For system design, more accurate data should be used.
But for the comparisons made here, this data should be sufficient. '
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Table 3-1

SELECTED LIQUID SENSIBLE HEAT STORAGE MEDIA

Heat
Temperature Capagitzl
Medium Flu:d Type Cost ($/kg) Range (°C) (Jkg 'K 7) Comments
Water ——-. .00 0 to 374 4190 . Pressure vessel required above 100°C.
Caloria 0il .30 -9 to 316 2300 Cracking occurs at high temperatures
HT43 and may form volatile products lower-
Therminol 0il .60 -18 to 316 2400 ing flash point. May polymerize at
55 high temperatures to increase viscos-
Therminol 011 2,03 -9 to 343 2100 ity. Nonoxidizing environment required
66 at high temperature.
Hitec Molten .59 150 to 590 1550 Long—term stability unknown above
Salt 550°C. Stainless steel or other
‘ expensive containers probably required
Draw Molten 44 250 to 590 1550 above 450°C, Inert atmosphere required
Salt Salt at high temperatures. Heated lines
required to prevent freezing.
Na Liquid .90 125 to 760 1300 Stainless steel or suitable alternate
: Metal containers required. Requires sealed

system. Reacts violently with water,
oxygen, and other materials.
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Figure 3-2 shows the storage media capacity cost in dollars per MJ of energy stored for
the same liquids. Prices are for 1978 and were determined for very large quantities of
materials from manufacturer's quotes for commercial fluids or from values given in the
Chemical Marketing Reporter [14. For the latter materials, commercial grades are
assumed to be acceptable without special purification. The price of water is for Denver
and may almost be considered as free. The cost of containers, heat exchangers, etc. are
not included in these comparisons.

Water appears to be the best sensible heat storage liquid available since it is inexpensive
and has a high specific heat. However, antifreeze must be added to water if the fluid
temperature can drop below 0°C, and this adds significantly to the system costs. A heat
exchanger between storage and the heat transfer fluid for the collectors can eliminate
the need for antifreeze in the storage used but at the expense of more equipment. Above
100°C, the storage tank must be able to contain water at its vapor pressure and the
storage tank cost not included in Figure 3-2 rises sharply with temperature beyond this
point. Water cannot be economically employed above its eritical point of 374°C.
Organic oils, molten salts, and liquid metals circumvent the vapor pressure problems and
appear more desirable for high-temperature storage. But significant limitations in
handling, containment, storage capacities, cost, and useful temperature range are
evident for each as shown in Figures 3-1, 3-2, and Table 3-1 [15-17]. Although these
fluids are used in commercial operations, the lifetime and cost requirements for solar
storage make them somewhat less desirable in this application.

The difficulties associated with the vapor pressure of water and the limitations of other
liquids can be avoided by storing thermal energy as sensible heat in solids. Many
inorganic solids are chemically inert even at high temperatures. Larger amounts of solid
are generally needed than for water since the heat capacity of the solids is less as shown
in Figure 3-3. Figure 3-3 was prepared on the same basis as Figure 3-1 except that all
the temperatures are relative to a lower limit of 0°C. The cost of the storage media
alone per unit energy stored, although not as low as water, is still acceptable for rocks as
shown in Figure 3-4. This figure was prepared on the same basis as Figure 3-2. In fact,
the cost of water and rocks are low enough that the storage costs are influenced more by
the price of containers, heat exchangers, and other auxiliary items than by the storage
materials themselves.

Direct contact between the solid storage media and a heat transfer fluid is desirable to
minimize the cost of heat exchange in a solid storage medium, and the storage volume
must be increased beyond that of Figure 3-3 by up to 50% to allow fluid passage. Thus
significant container volumes are required. While air is generally acceptable as a heat
transfer fluid for rocks in low-temperature home heating systems, other fluids such as
high pressure helium or heat transfer oils are generally required in high-temperature
installations to provide adequate heat transfer capability [17, 18]. The heat transfer
fluid must also be compatible with the solids, and the problems associated with finding a
fluid with low vapor pressure, high heat capacity, and low cost are similar to those for
storage in a liquid.
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3.2 LATENT HEAT STORAGE

A substantial change in internal energy generally accompanies a phase change from solid
to liquid or from liquid to gas at a characteristic temperature. Such high energy storage
densities over a narrow temperature range make latent heat materials attractive for
thermal energy storage. Since a high volumetric energy storage density is essential, only
solid-liquid or possibly solid-solid transformations with significant enthalpy changes are
of practical interest.

The literature on selection of low-temperature latent heat storage materials is extensive
with the representative summaries available in References [19] and [20]. Material
requirements include low cost, high heat of transition, high density, appropriate
transition temperature, low toxicity, and long-term performance. Paraffin waxes [21]
and salt hydrates [19] have been favored for low-temperature storage although the
former are flammable while the latter are prone to liquid subcooling without crystalliza-
tion. The volumetric energy densities of these materials are higher than for water,
particularly for small temperature swings about the fusion temperature, as shown in
Figure 3-5. Constant densities and heat capacities have been used to prepare Figurc 3-5
and this figure should only be used for the purposes of comparison. The lower tempera-
ture limit of 0°C was selected arbitrarily for the low-temperature materials. Some of
the volume advantage of low-temperature phase change materials relative to sensible
heat storage in water is sacrificed, however, in current systems since up to 50% more
volume is required than shown in Figure 3-5 to allow for passage of a heat transfer fluid.

Figure 3-6 presents the relative storage capacity costs for commercial paraffin wax and
sodium sulfate decahydrate, Once again, anly the storage material cost is ineluded in the
plot. The price of sodium sulfate decahydrate is low enough to be attractive, but
containment by conventional methods causes the cost of an entire system to be higher
than for water. The transition temperature is also somewhat low for home heating
purposes, and large amounts of a heat transfer fluid wonld have to be cireulatod through
the storage system. Continued work on improving the freezing process and developing
new heat exchange concepts may overcome some of these obstacles. The costs of the
other salt hydrates and paraffin wax are generally higher and these materials will likely
only be competitive with the price of water storage if very low cost heat exchangers and
containers are developed.

For higher temperatures, some generalizations are possible about latent heat materi-
als [22]. Carbonates and possibly carbonate-chloride systems are serious storage
candidates because their good corrosion characteristics make them inexpensive to
contain and their cost is reasonable. Nitrates and nitrites are good choices for
applications below 500°C since they are relatively noncorrosive and fairly inexpensive.
Chloride systems are cheap enough to be attractive but are more corrosive than the
previous compounds. Hydroxides as a group tend to be both more expensive and
corrosive. Fluorides offer relatively high heat storage densities, but they are often
expensive and their corrosive nature make the fluorides more expensive to contain than
the other salt systems discussed above.
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Figure 3-5 presents the volumetric energy storage density for high-temperature storage
salts of the types discussed. The lower temperature limit was arbitrarily chosen as
100°C to avoid confusion with the low-temperature materials. The density of the liquid
phase near the transition temperature of the material was used to transform the data of
Reference [22] to a volume basis for this plot because sufficient volume must be provided
to contain the lower density melt. Mixtures of salts were used in some cases.to provide a
lower transition temperature than the pure materials, and the densities were computed
assuming the compound volumes were additive. The composition of the mixtures by mole
percentage are shown in parenthesis on the plot. Since constant properties were used and
several approximation were employed to estimate properties, the plot should only be used
as a rough means to compare materials and not as a basis for engineering design. - The
two sharp increases in energy storage density exhibited by sodium hydroxide are due to a
solid-solid phase change within about 25°C of the solid-liquid transformation. Again, a
volume penalty must generally be assessed against the storage densities shown to allow
heat transfer for the phase change.

Figure 3-6 presents the storage media capacity costs as a funetion of the temperature
swing about the transition temperature shown in parenthesis. The assumption is again
made that commercial grade materials are acceptable. The costs of some of the salts
shown are competitive with the costs of sensible heat liquids for high-temperature
storage, but significant problems in containment, heat exchange and in some cases,
corrosion must be overcome to make latent heat storage systems cost-effective. In
addition, extra charges may be necessary to purify these materials to grades acceptable
for thermal storage.

3.3 REVERSIBLE REACTION STORAGE

Thermal energy may also be stored as the bond energy of a chemical compound and
energy can be repeatedly stored and released in the same materials by means of
reversible chemical reactions. Thermal energy from a source is absorbed under
conditions which favor significant conversions to a high enthalpy chemical species by an
endothermic forward reaction. The reaction can only proceed until the equilibrium
concentrations are reached. Then, the conditions are altered to favor high econversion by
the exothermie reverse reaction to the low enthalpy species and energy is released. The
equilibrium concentrations of the species may be altered by: (1) changing the concentra-
tion (or pressure) of the chemical species and/or (2) changing the temperature of these
species.

The energy storage densities of reversible chemical reactions are generally higher than
for heat-of-fusion transitions. Chemical storage also has significant cost potential since
some of the materials could be available for as little as a few pennies per pound.
Chemical storage has the added advantage in that significant energy storage densities
are possible even at ambient conditions. However, as will be shown in Section 5.0,
careful heat exchange between products and reactants is required for some applications
to minimize sensible heat losses and provide efficient storage of energy.
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A number of potential applications for chemical storage exist, particularly due to the
capability to store energy at ambient conditions. Long-term storage of energy is possible
with minimal loss of energy to the environment during storage. Heat can be pumped
from the environment by some reactions. A transportable fuel could be produced in
sunny locations by a suitable reaction for use in cloudy sections of the country. The
reactants might also be used as a renewable fuel for automobiles.

Despite all the promise offered by chemical reaction storage, the technology is at an
early stage of development and systems are not yet available for use in commercial
applications. Relatively little experience has been compiled in the laboratory, and no
significant scale demonstration units have been run. Research and development efforts
are therefore needed for most systems to establish:

¢ reversibility of reactions with minor degradation of the chemical species (and
catalysts, when required);

° satisfactory kinetics, specificity, and conversions of the reactions;

° acceptable heat transfer rates in cost-effective containers and/or heat
exchangers; .

] low cost storage and transportation (when required) of the chemical species;

° no excessive corrosion;

° sufficicnt encrgy storage densities’; and

° acceptable storage efficiencies.

Reasonable cost projections will have to await further research to clarify the desigri of
storage systems.

3.3.1 Thermochemical Storage Reactions

Three operating concepts are currently considered for reversible reactions: thermo-
chemical storage, chemical heat pump storage, and thermochemical pipeline thermal
transport. Table 3-2 presents a few of the possible reactions considered suitable for
thermochemical storage [23-25]. The heats of reaction are calculated at 25°C from
standard tables [26]. Since a high energy storage density is important, only reversible
reactions with reactants and products which can be easily stored as liquids and solids are
of practical interest, and some reactions obviously satisfy this criteria better than
others. Reactions which produce two distinct phases such as a solid and a gas are
desirable since the separation of products to prevent back reaction is facilitated. For
example, solid calcium hydroxide (slaked lime) will endothermically decompose to solid
calcium oxide (quicklime) and water vapor if it is heated to about 520°C at one
atmosphere pressure. The water vapor is condensed for storage in a separate vessel.
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Table 3-2

THERMOCHEMICAL STORAGE REACTIONS

Reaction AH®,KkJ T*,K
NH,F(s) = NH,(g) + HF(g) 149.3 499
Mg(OH),(s) ¥="MgN(s) + Hy0(g) 81.06 531
MgCO3(s),——"Mg0(s) + COz(g) 100.6 670
NH, HSO, (1) ==NHg(g) + H,0(g) + S0,(g) 337 740
Ca(OH),(s) —=*Ca0(s) + H,0(g) 109.26 752
Ba02(s)—‘_—_"BaO(s) + 1/2 Oz(g) ' 80.79 1000
LiOH(1)+¥—=1/2Li,0(s) + 1/2H,0(g) 56.7 1000
CaC04(s)T= Ca0(s) + CO,(g) 178.06 - 1110
MgS0,(s) =2 MgO(s) + S05(g) 287.6 1470

When heat is required from storage, water and the calcium oxide are mixed, and the
exothermic reverse reaction of the two species produces energy [27-29]. The operating
requirements for this reaction will be discussed in more detail in Section 5.0.

The "turning temperature" T* in Table 3-2 is defined as the temperature for which the
equilibrium constant is one and is approximated by the ratio of the standard enthalpy
change to the standard entropy change for the reaction [24]:

T#* = -ﬁlg: (7)

At this temperature, the reactants and products will be present in approximately equal
quantities with the actual concentrations determined by the stoichiometry of the
reaction. When T ) T*, the endothermic storage reaction is favored; while for T { T*, the
exothermic reaction dominates.

3.3.2 Chemical Heat Pump Reactions

Figure 3-7 illustrates the chemical heat pump mode of operation in which a dilute
sulfuric acid solution is concentrated to 98% acid by using solar energy to evaporate
water. The water vapor is condensed for storage, and the heat of condensation can be
transferred to a load if it can be used at the condensation temperature or to the
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environment if it cannot. When heat is demanded from storage, energy stored in the
atmosphere can be used to evaporate the liquid water. Provided the temperatures of the
water and acid solution are properly regulated, the water vapor will condense in the
solution. Consequently, the heat of condensation as well as the heat of mixing can be
released to the load, and energy is pumped from the environment. In principle, the total
energy released during charging and discharging of storage exceeds that supplied by the
sun because of the chemical heat pump capability, and if the energy can be used, the
collector field size is reduced relative to a conventional storage system with potential
savings in cost. By interchanging the load and environment positions in Figure 3-7, the
chemical heat pump may be used for air conditioning as well, and a higher utilization of
the solar system results.

Table 3-3 presents a number of reactions thought to be suitable for chemical heat
pumping [23, 29-31]. The temperatures shown are the values typically considered
although other values are possible depending on the operating pressure. The reactions of
Table 3-2 generally could also be used in a chemical heat pump mode to recover the heat
of condensation given off when the vapor is condensed, and the distinction between the
modes is quite arbitrary.

Some of the gaseous components in Table 3-3, such as ammonia, are not readily liquified
at close to atmospheric pressures and ambient temperatures. Due to the toxicity of the
gases, high pressure operation of the system is undesirable since there is a high
probability of gas release. For these compounds, it is generally convenient to employ a
second solid to store the vapor since an appropriate solid lowers the vapor pressure of the
gas at a given temperature. For example, if MgCl, 6NH3 is supplied heat at about
120° C (248°F) as shown in Figure 3-8, it decomposes as

MgCly*6NH, (s)—> MgCl, * 2NH, (s) + 4NH,(g) : (8)

To store the ammonia gas, it is reacted with CaCly® 4NHg4 at a temperature below 25°C
(77°F):

The heat from this reaction is used for the load if possible or rejected to the atmosphere
if not. When energy is to be released from storage, heat from the atmosphere is supplied
to the CaCl,°8NH, at about 5°C (41°F) to drive off the ammonia by the reverse reaction
to Equation 9. The ammonia is then absorbed by the MgCl "2NHg in the reverse reaction
to Equation 8 to liberate heat for the load at a temperature around 92°C (198°F).
Different temperatures can be used for both storage and release of energy to meet
different ambient temperatures provided they are consistent with the equilibrium
requirements (Figure 3-9) and a differential pressure is provided between the two storage
vessels to force the transfer of ammonia. Figure 3-10 illustrates the ammoniated salts
system with operating conditions altered to provide air conditioning.

Metal hydrides have also been considered for operation in a manner similar to that
described for the ammoniates. In these cases, hydrogen is driven between two metal
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Table 3-3
CHEMICAL HEAT PUMP STORAGE REACTIONS

Reaction Temp., K

Ammoniated Salt Pairs
CaCl, * 8NH3(s) == CaCl, * 4NH3(s) + 4NHs(g) 305
NH,CL * 3NH4(1)+=NH,Cl(s) + 3NH;(g) 320
MnCl, * 6NH3(s)7 MnCl, * 2NH3(s) + 4NHy(g) 364
MgCl; * 6NH;(s)T=MgCl, * 2NH;(s) + 4NH,(g) 408
‘MnCl, ° 2NHy(s)7=MnCl, * NHy(s) + NH;(g) : 521
MgCl, ° 2NH3(s)'1=‘-MgC12 " NG,(s) + NH,z(g) 550

Hydrated Salts

MgCl, * 4H20(s);==:“MgC12 * 2H,0(s) + 2H,0(g) 380

Concentration Dilution
H,S0, * nHZO(l)‘-T*_.H2~SO4 * (n-m)H,0(1) + mH,0(g) 600

compounds. However, the metals are usually expensive and small quantities of material
are employed in a thermally driven heat pump without storage capacity. The systemn is
not considered as a cost-effective storage device [22, 23] and it will therefore not be
considered further. More details on the metal hydride heat pump system without storage
are available in Reference [32].

3.3.3 Thermochemical Pipeline Reactions

Significant enthalpy changes also accompany a number of reactions involving one or more
gaseous reactants which are not easily condensed. Since the energy storage density is
low, these reactions are not considered as attractive as the preceeding for thermal
energy storage although some workers have proposed using massive underground caverns
or compressing the reactants/products for storage of the gaseous materials. Most
applications utilize the reaction products for transmitting thermal energy over long
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distances in a thermochemical pipeline (chemical heat pipe) operation. The endothermic
sulfur trioxide decomposition reaction, for example, is driven catalytically at the energy
source (Figure 3-11) as [23, 33]:

S04(g) —>=S0,(g) + $0,(g) (10)

This reaction occurs at about 900°C. The gaseous reaction products exchange heat with
the reactants and are transmitted at lower temperatures to a remote load site where the
reverse exothermic reaction proceeds catalytically, liberating energy at about 550°C:

S0,(g) + $04(g) —>=S05(g) (11)
The products of this reaction are sent back to the source to repeat the cycle. A number
of reactions considered for thermochemical pipeline applications are listed in Table 3-4
along with their standard heats of reaction [23, 24, 34], All of the tabulated reactions
must be triggered catalytically to avoid the necessity of separating the materials prior to
transit. '
Table 3-4

THERMOCHEMICAL PIPELINE REACTIONS

Reaction Anv°, kI T*, K
CH3OH(g),:*_zuz(g) + C0(g) 90.18 420
2NHa(g)7=N,(g) + 3H,(g) 92.26 466
CH,(g) + Hy0(g)§¥=C0(g) + 3H,(g) 206.2 960
CH,(g) + C0,(g)7==2C0(g) + 2H,(g) 247 .4 960
$045(g)7=50,(g) + 1/2 0,(g) ] 98.94 1040
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SECTION 4.0

STORAGE VESSELS AND HEAT EXCHANGERS

It is obvious that the cost of the storage media and the container could constitute a
significant portion of the energy related costs in Equation 1 and must be kept to a
minimum. In addition, power related costs are frequently a substantial portion of the
total system costs since heat exchangers and associated heat transfer equipment are
generally very costly. Therefore, it is important to consider the design of low cost
containers and heat exchangers as well as the selection of low cost materials for
storage. In this section, attention is focused on a few of the concepts which are aimed at
lowering the cost of heat exchange and containment. Most are in early development
stages and require extensive effort to achieve that goal.

4.1 SENSIBLE HEAT SYSTEMS

In order to charge and discharge storage, it is necessary to circulate a heat transfer fluid
between storage and either the energy source or the load. For liquid storage media, the
storage fluid frequently can be used directly for heat transfer. If practical considera-
tions such as freezing of the liquid prevent this, the storage liquid can be brought into
thermal contact with an auxiliary heat transfer fluid via a conventional heat exchanger,
although at additional expense. Alternately, a second fluid that is immiscible with the
storage media can be bubbled through the storage container, and direct contact heat
exchange thereby achieved between the heat transfer fluid and the storage media.
Research is in progress on such a system for heating and cooling applications.

Solids are often desirable storage media according to the criteria outlined in the
preceding section. Some of the solids for sensible heat or chemical reaction storage are
in particulate form, and heat transfer through these materials is slow. In addition, the
thermal conductivity of many of the solids considered for storage, including phase change
materials, is low. To achieve useful heat transfer rates in a shell and tube heat
exchanger, very high surface-to-volume ratios must generally be utilized. Even if the
storage material costs are low, the heat exchanger costs usually make such a system
uneconomical,

For solid sensible heat storage media, current practice is to put the heat transfer fluid in
direct contact with the storage media. Numerous examples of such systems are
available, but one of the more interesting is a dual media unit being considered for
application to commercial power plants of 100 MW, and larger size [17]. The concept
originally employed a mixture of sand and granite to reduce the amount of more
expensive organic oil, Caloria HT43, used in storage. However, the addition of solids
facilitates temperature stratification in the storage vessel. For the device pictured in
Figure 4-1, oil is circulated from the bottom of the storage vessel, through a heat
exchanger to pick up heat, and back to the top of the storage tank. A fairly sharp
temperature transition or thermocline will occur naturally between the hot and cold
regions in the storage bed, and this thermocline will move downward through the bed
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during charging..‘ If the oil flow direction is reversed during extraction of heat, the
thermocline will move upward through the bed. A constant discharge temperature is
produced from storage as a result of this temperature stratification.

An analyses of the dual medium thermal storage unit has been developed to aid in
engineering design [17]. Assuming the system can be modeled in terms of unidimen-
sional, unsteady flow conditions the temperature of the oil can be predicted from the
energy balance:

‘while the solid temperature can be predicted from the relation:

(1 - f)Pseps _%¥S =h (‘%) (T, - Tg) (13)

f is the packed bed void fraction by volume, p; the liquid density, p ¢ the solid density,

e, the liquid specific heat, ¢, the solid specific heat, vy, the actual fluid velocity, h

tgé‘ heat transfer coefficient befween the liquid and solid, A/V the area/volume ratio for

heat transfer, Ty, the fluid temperature, Ts the solid temperature, t the time, and x the

axial distance down the tank. For constant physical properties, velocity, and boundary

conditions, the Shumann-Hausen analytical solution can be used to solve these equa-
tions. A variable mesh numerical integration method has also been developed in

Reference [17] to allow variation of properties with temperature and velocity and permit

the use of arbitrary boundary and initial conditions.

Figure 4-2 and 4-3 show the numerically calculated and the observed thermocline for
discharging and charging of the storage unit respectively. The surface-to-volume ratio,
A/V, was adjusted in the model until the predicted and actual thermocline slopes
matched at a value of about 40 ft'l. It was also necessary to increase the solid heat
capacity above the actual value for the calculated thermocline velocity to matceh the
observed value. Based on these adjusted parameters, temperature histories were
calculated at various locations in the bed for two charge-discharge cycles. The results
are presented in Figure 4-4 along with the pilot plant data. Due to the nature of the
thermocline, an essentially constant outlet temperature is provided by the pilot plant
unit until it is almost completely charged or discharged.

Inexpensive containment of liquid sensible heat storage media is a major challenge in
reducing system cost. For high-temperature thermal storage in water or other liquids
with significant vapor pressures at the storage conditions, a low-cost pressure vessel is
required. A vessel made of inexpensive cast iron blocks held together by axial steel
tendons as shown in Figure 4-5 offers one solution. Underground solution caverns created
in salt domes may be an economical way to contain high pressure water or other liquid
storage media (Figure 4-6).
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For long-term energy storage an inexpensive container is essential. Perhaps the most
promising prospect is using a confined underground aquifer for storing water at lower
temperatures. Aquifers are natural geological formations which contain and conduct
water and are abundant in many parts of the world at depths from a few meters to
several kilometers. Confined aquifers are surrounded by essentially impermeable
formations and contain water under pressure. The flow rate of water through the aquifer
is low enough that long duration storage of hot or chilled water looks feasible. Both the
storage medium and its containment are provided by the aquifer, and the system costs
are limited to drilling the well and outfitting it with heat exchanger equipment, pumps,
and associated piping. At this time, the use of aquifers for storage is in its early
development stages. More work must still be done to establish their technical,
environmental, and economic feasibility, particularly when integrated into a solar
system.

4.2 LATENT HEAT SYSTEMS

Heat transfer in latent heat storage materials is complicated by the phase change that
oceurs during storage or release of energy. During extraction of energy from storage,
the liquid freezes on the heat transfer surfaces.and an immobile layer of solid material
continually grows as it gives up the heat-of-fusion. The layer of solid material often has
a low thermal conductivity, and as it grows, heat transfer is impeded. In most opera-
tional latent heat storage devices, heat transfer to the load or energy source is through
the container vessel walls. In order to provide adequate heat transfer through the frozen
material, a high surface area to volume ratio is required for the combined container-heat
exchanger. As mentioned in Section 3.0, the cost of such units can be substantial. Up to
50% or more extra volume must be provided to allow passage of a heat transfer fluid, and
a good deal of the volume advantage offered by latent heat storage is sacrificed. Volume
changes during the phase change can further complicate system design and add to system
costs. Plastic containers show some promise for lower cost containment heat transfer
for low-temperature home heating use with salt hydrates. Containers that ean withstand
the corrosiveness of high-temperature latent heat storage salts are far more costly.

One way to lower the cost of heat exchange is to eliminate the need for containers
between the latent heat material and the heat transfer fluid. A direct contact low-
temperature latent heat storage unit is illustrated in Figure 4-7. This device uses a heat
transfer fluid which is immiseible in the storage medium and lower in density. The fluid
enters the bottom of the storage unit and rises through the latent heat material,
transferring heat and stirring the storage media as it moves. The heat transfer fluid
coalesces in a pool at the top of the storage vessel and is then pumped back to the energy
source or load prior to returning to the bottom of the storage vessel. In order for the
heat transfer fluid to coalesce properly, the viscosity apparently must be below 4.5 ¢p
for the salts used for storage [36]. This requirement restrlcts the choice of heat transfer
fluids. It is also critical that the latent heat material freeze to a slurry and not into a
solid block if heat transfer is to be made possible. A similar high-temperature system
using fluoride salts for storage and liquid lead for heat transfer has been proposed [37].
Considerable work must still be undertaken to demonstrate the merits of this approach.
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Another approach to direct contact heat transfer in latent heat storage media relies on
forming a pebble-like storage material. A heat transfer fluid can then be passed directly
through a packed bed of the material. For instance, if crystalline polymer is crosslinked
in a controlled manner either by radiation or by chemiecals, the amorphous regions will
crosslink more readily than the crystalline areas. The material now releases its heat-of-
fusion upon being raised above the crystalline melting point even though it still remains
in -a solid rubbery state. High density polyethylene pellets have been chemically
crosslinked in this fashion and the product retains about 98% of the initially high heat-of-
fusion of the polymer. The crosslinked polymer melts between temperatures of 120°C

- and 140°C. More importantly, the erosslinked pellets will not fuse after releasing their
enthalpy of melting, and a packed bed of the material can be formed [38]. Alternatively,
materials such as paraffin wax can be encapsulated for use in a similar storage
configuration [39]. Both of these materials tend to more expensive than conventional
latent heat storage substances but a substantial savings in the cost of the heat exchange
system.is possible. Therefore, the final system cost is potentially lower.

4.3 REVERSIBLE REACTION SYSTEMS

Storage of solar energy in reversible chemical reactions is in the early stages of concept
development and the problem of providing an inexpensive means of heat transfer has not
been adequately dealt with. As a class, gas-solid reactions show promise for chemical
storage but posses the inherent problem of poor heat transfer through the solids. Many of
the current devices under development for low-temperature storage of energy in solid
reaction materials for home heating and cooling use shell and tube type heat exchangers
for both containment and heat transfer in a manner similar to heat-of-fusion systems.
The storage materials are placed on the shell side, and due to the low conductivity of the
packed bed, the tubes have to be placed close together to obtain satisfactory heat.
addition and withdrawal rates. The cost of these heat exchanger containers is high and is
usually far more than the price of many of the storage materials.

In an alternate concept, the solids are placed permanently in the solar collector
itself [40]. Radiation is directly absorbed by the container for the solids, and water is
released from a MgC12'4H20 reactant by the endothermic forward reaction:

MgCly * 4H,0(s)—>MgCly* 2H,0(s) + 2H,0(g) . (14)

For a solar collector able to supply heat at 120°C (250°F), this decomposition reaction
occurs at point D on the equilibrium pressure-temperature diagram in Figure 4-8. The
water is condensed in a separate vessel at a slightly lower pressure (to promote water
vapor movement) and at a temperature slightly above the home heating load value, point
C in Figure 4-8. If the load demands heat, this enthalpy of condensation is given off to
the load; otherwise, it must be rejected to the atmosphere.

When the load demands energy from storage, the system is run in a chemical heat pump

mode. Energy from the atmosphere is used to evaporate the water (point A in
Figure 4-8), and the water vapor reacts with the salt in the collector according to the

exothermic reverse reaction:
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MgCly*2H,0(s) + 2Hy0(g) —>MgCl, " 4H,0(s) (15)

This reaction ocecurs at point B on the equilibrium curve. The energy released by the
reaction is sent to the load. Of course, this device may also be used for air conditioning
by reversing the position of the load and environment while discharging storage. A
pressure of about one kPa (.01 atm) is required to operate this system, and the device
must be carefully sealed to insure long-term operation.

Some of the reactions discussed in Section 3.0 involve either just gases or gases and
liquids for thermal energy transmission. A heat exchanger-reactor-receiver is being
developed to handle these types of reactions and in particular, the S03/804/0, chemical
heat pipe reaction [41]. A diagram of the system is shown in Figure 4-9 with the details
more clearly visible in Figure 4-10. S04 flows into the receiver cavity through a spiral
counterflow ceramic heat exchanger that heats the 803 up to a temperature close to that
in the reaction chamber. The SO3 dissociates on the catalyst dispersed on the cavity
walls while simultaneously absorbing solar energy to drive the endothermic reaction. The
dissociated gas then exits through the counterflow spiral heat exchanger and releases its
sensible heat to the inflowing S04. By exchanging heat, the gases may be transmitted
more efficiently at lower temperatures. This device is still in the early stages of
development, and considerable work is still required to make it operational and establish
its utility in a solar application.

63



TR-089

S=RI@®

Front Face

7
11/

L

;R%\\\\\\\\\N

2

\.
/ \\\\\\ 75 =
\\\\\“W\\\w\\\\\lﬂﬂ”

¢ e —
———

64

ing

Insulat
Back Face \\

R-HEAT EXCHANGER FOR SO3 DECOMPOSITION [41]

e

CAVITY CONVERT

Fngr‘e 4-9.



./

[/ _—Cavity-12’
X

- /’// \

Quartz Tubes-— / - 8"Dia. Aperture

Figure 4-10. DETAILS OF CONVERTER-HEAT EXCHANGER CAVITY FOR SO3
DECOMPOSITION [41]

x 18"

GBS -—
[( i -
\@/ -

680-41



THIS PAGE INTENTIONALLY LEFT BLANK

66



TR-089

S=RI#
SECTION 5.0

CHEMICAL STORAGE REQUIREMENTS

In this section some of the thermodynamie, kinetic, and heat exchange requirements of
reversible chemical reactions will be discussed. Particular attention will be focused on
the requirements and limitations of chemical reactions for efficient thermal storage.
The aim of this analysis is to indicate which chemical reaction systems hold promise for
solar storage and what important issues must be addressed to facilitate commercial
implementation of this promising storage technology. The thermodynamic constraints on
heat transfer for sensible, and latent heat systems w111 not be included since these issues
have been addressed elsewhere [13].

5.1 EQUILIBRIUM CONSIDERATIONS

The free energy change for a reversible reaction AG can be expressed in terms of the
equilibrium constant K as:

AG=-RTInK . (16)

The free energy change can also be related to the enthalpy and entropy changes of the
reaction by:

AG = AH - TAS (17)

If the equilibrium constant has a value of one, the free energy change is zero, and the
reactants and products will be present in approximately equal quantities depending on the
reaction stoichiometry. Thus, Equation 17 can be solved for an "average" or "turning"
temperature T#* required to make AG = 0:

- AH
T* = “AS (18)

Generally, AH and AS are approximated by their standard values as presented in
Equation 7 to simplify the analysis.

A high energy storage density is very desirable in chemical storage, and a high enthalpy
change AH is therefore important in Equation 18. Furthermore, to provide energy
storage for a variety of solar applications, it is necessary that reactions exist for a range
of temperatures. Examining Equation 18 reveals that to get appreciable enthalpy
changes AH for low-temperature heating and cooling or industrial process heat
applications, the entropy change AS must be large.

In approximate terms, a high entropy change is associated with a transition from a highly
ordered state to a highly disordered state. A solid would provide the ordered structure,
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particularly if it is crystalline, while a gas would be considered disordered. Therefore,
reactions in which a solid (ordered structure) decomposes to form one or more gaseous
compounds (disordered structure) seem to provide the high entropy change required to
allow a high enthalpy change at lower temperatures.

Examination of Tables 3-2 and 3-3 reveals that the lower temperature reactions are
essentially all gas-solid type reactions. Furthermore, this class of reactions spans a
wide-scale of temperatures while gaseous and liquid reactions tend to occur mainly at
higher temperatures. Since the enthalpy changes associated with gas-solid reactions are
large and the products can be stored as liquids or solids, sizeable energy storage densities
are possible as well. The decomposition products can also be readily separated to
prevent back reaction during storage, and no elaborate separation step is required prior
to storage. It is evident from these considerations that of the various reversible
reactions, the gas-solid reactions as a class appear to provide the most promise for solar
energy storage. However, their performance must be clearly demonstrated.

Another important consideration in the selection of a storage reaction is the manner in
which the forward and reverse reactions are driven. For example, a general reversible
dissociation reaction can be written as:

A —=SR+S (19)

where kf is the forward rate constant and kr is that for the reverse reaction. If these
components are all gaseous, the equilibrium expression for the reaction is:

[R] [S] ke
—[Al K, = K (20)

To cause the endothermic forward reaction to proceed to an appreciable extent, the
equilibrium constant should be much greater than one. Therefore, the forward rate
constant k. should be much greater than the reverse constant kr' Either rate constant is
generally given by an Arrhenius expression of the form,

k = k e E/RT (21)

where ko is the frequency factor (a constant), E is the activation energy of the reaction,
R is the gas constant, and T is the absolute temperature. Since Ef> E,, a high-
temperature will favor the forward endothermie reaction. On equilibrium grounds, the
free energy change must be negative, and the temperature T must be greater than the
turning temperature T#*.

Once energy has been stored by the endothermic forward reaction, energy can be
released by the exothermic reverse reaction. In this case, the equilibrium concentration
of A must be much higher than that of R or S in Equation 20; the equilibrium constant K
must be much less than one. By lowering the system temperature, kf will decrease much
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more rapidly than kr‘ At a low enough temperature, their ratio, which is equal to the
equilibrium constant, will be much less than one as desired. Thus, the system tempera-
ture must be less than the turning temperature T* to yield the positive free energy
change required for a K less than one.

The change in temperature necessary to shift the equilibrium conversion significantly for
gaseous reactants may be several hundred K. For example, in Figure 5-1, the equilibrium
fraction of SO3 converted to S0, and 0, is plotted against temperature for two
pressures. To proceed from 90% of the S04 converted to S0, and 0, at the receiver to
10% of the S04 converted to S0, and 0, after energy release at one atmosphere pressure
would require that the temperature be dropped from about 1200 K at the solar receiver
to less than 800 K during release. As discussed in Section 2.0, such a large temperature
drop could impose a significant penalty on collector operating efficiency and cost. In
addition, the reverse reaction will proceed more slowly than the forward reaction, and a
larger reactor will be needed to release the energy. Alternatively, if the pressure were
increased significantly in the system during the energy release stage, the energy could be
released at a temperature closer to the endothermic value. However, this will require a
compressor in the storage loop with significant parasitic power requirements likely.

For a gas-solid reaction, substances A and R in Equation 19 are solids while S is a gas. In
such cases, activities are used in Equation 20 in place of concentrations for the solids
while the partial pressure of the gas is used in the same expression. Furthermore, the
activities of the solids are approximately equal to one leading to the simple result:

K = pg (22)
€q
where p, is the equilibrium pressure of the gas S. Therefore, as long as the pressure of
the gas fflless than Pg » the endotheric forward reaction will proceed to completion
while if the gas pressurgqis greater than Pg s the exothermic reverse reaction will take
place. eq

The equilibrium curves for gas-solid reactions involving magnesium oxide and calcium
oxide are shown in Figure 5-2. For a water vapor pressure of one atmosphere, the
caleium hydroxide will decuompose if heated above 520°C since the equilibrium pressure
is above one atmosphere. On the other hand, if the system is cooled below 520°C, any
calcium oxide in the system will now hydrate since the equilibrium pressure is below one
atmosphere. Thus, in principle, the direction of the reaction can be reversed with small
changes in temperature.

Unfortunately, thcrc may be some kinetie limitations to the use of gas-solid reactions
with small temperature swings. The rate of reaction is influenced by variables such as
the temperature, extent of reaction, and the difference hetween the equilibrium pressure
and the system gas pressure. To rapidly react the gas with the solid in the exothermic
reverse reaction of Equation 19, it may be necessary for the equilibrium pressure to be
considerably below the system pressure. Thus, as noted from equilibrium plots such as
Figure 5-2, it would be desirable to lower the solid temperature. However, lowering the
temperature also lowers the rate constant decreasing the reaction rate. A compromise
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between these two extremes must be made. Diffusion of the gas through the solid can
further complicate matters with the net result that the rate exhibited by some gas-solid
reactions may become extremely low. More work is required to understand the exact
nature of the reactions, quantify it, and determine its effect on reactor design and the
temperature swings required.

One intriguing possibility can arise from the unusual equilibrium characteristies of the
gas-solid reactions. Calcium hydroxide could be decomposed by a solar collector at a
temperature of about 440°C (825°F) to produce water vapor with a pressure of about
0.07 atm. The water could then be condensed at 38°C (100°F) where the water vapor
pressure is slightly below 0.07 atm. If a sizeable source of waste heat were available
above 100°C (212°F), it could be used to produce steam at 100°C and one atmosphere
pressure. The steam could then be reacted with the dehydrated caleium oxide to produce
temperaturos close to 630°C (968°F), a temperature above the original eollector
temperature,

5.2 ENERGY FROM STORAGE

In the analysis that follows, it is assumed that as much as possible of the energy from
storage should be available at essentially the same temperature as generated by the
collectors. Even if the temperature requirements of the load are well below the
collector temperature over a large portion of the process, the size of the heat
exchangers and other components will be minimized for the large temperature difference
available. If the storage unit produces a significantly smaller temperature difference,
than a larger heat exchanger is needed to accommodate the storage unit and an
additional cost penalty is accrued against storage. In addition, subsequent process units
may have to be designed to handle lower temperatures than are optimum. It is further
assumed that energy produced at a temperature below that of the collector during the
charging of storage is not very useful, and it is far more desirable to release energy from
storage only upon demand. For various applications, it may be desireable to relax some
or all of these restrictions with some simplifications in the storage design requirements,
but a detailed system design is necessary for each application to identify the tradeoffs.
Such studies are beyond the scope of this report.

For the purposes of this discussion, the reversible reaction
CalOH) ,(s)7==Ca0(s) + H,0(g) (23)
is employed as an example since good thermodynamic data is available and the reaction

has significant potential for high-temperature thermal storage. Complete reaction is
assumed to occur. The transition

Hy0(g) ==2H,y0(1) (24)
is used to allow storage of the water. Arbitrary operating conditions are employed for

these examples. Other conditions could be used with little change in the conclusions. A
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continuous operation is assumed for the different operating schemes discussed to
illustrate the effect of the mode of storage operation on the energy delivery temperature
and the storage characteristics calculated are therefore based on enthalpy changes. For
batch operations, the internal energy change should be quite similar, and the general
conclusions will still apply. '

The first operational mode is based on storing all materials at high temperatures. The
storage and release reactors are assumed to operate at a water vapor pressure of one
atmosphere, and water is condensed for storage. Hydrated lime, Ca(0H),, is contained at
520°C (968°F) until it can be dehydrated with solar thermal energy. The Ca0 produced
by reaction 23 is also stored at 520°C while the water must be cooled to 100°C (212°F)
and condensed as shown in Figure 5-3. To release the stored energy, the 100°C water
and 520° C Ca0 are mixed in a suitable reactor to produce heat.

Figure 5-4 presents the energy released in MJ per kg of Ca(OH)2 required during both
charging and discharging of storage as a function of temperature for the operational
scheme discussed. The energy released at temperatures below 520°C is that necessary to
cool down and condense the water during charging of storage while the energy released
at 520°C is due to the hydration reaction during discharge. The COP (coefficient of
performance) in Figure 5-4 is defined as the ratio of the total energy delivered from
storage to the solar energy input, and since the total amount of solar energy needed to
charge the storage system at 520°C is equal to the total energy output of 1.45 MJ/kg,
the maximum COP is equal to one. However, only 48% of that energy output is released
during the discharge of storage at the input temperature of 520°C. The other 52% of the
solar energy into the system is released at temperatures below 520°C while the system is
being charged. In fact, about 38% of the total solar energy input is available at 100°C
during the charging phase. One should note that the effective specific heat shown in
Figure 5-4 is simply the total energy storage capacity divided by the total required
temperature swing to produce it. The value shown is less than sensible heat storage in
liquid water although the temperature distribution is certainly far different.

The energy "wasted" in the previous case is the result of cooling the water vapor from
520°C to 100°C and condensing it at 100°C. If the temperature of this energy is too low
to be useful at any other location in the process, the energy must be simply discharged to
the environment., The value of this energy is not as high as the input energy even if used,
particularly since a high-temperature collector was required to capture it. In some
cases, it may be possible to use waste heat available at slightly above 100°C to improve
the energy distribution. This energy could be used to evaporate the water during
discharge of storage, and the water vapor at 100°C can be added to the Ca0 stored at
520°C. Thus, heat is pumped from a low-temperature waste stream in the process to the
high-temperature point where stored energy is released as shown in Figure 5-5.

A diagram of the amount of energy released from storage is plotted against its release
temperature in Figure 5-6 for the chemical heat pump system described. Again, the
energy released below 520°C is that associated with cooling down and condensing the
water vapor during the charging of storage. Although the total energy input is again
equal to the total energy output, the solar energy input is only equivalent to the energy
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output shown above 100°C since the waste stream energy is used to evaporate the water
at 100°C. Thus, the coefficient of performance is 1.37. However, only 85% of the solar
‘energy used to charge storage is delivered at 520°C. Overall, the total energy released
yields an "effective specific heat" of 1.14, a value somewhat above that of water.

Of course, there is a good probability that energy will not be available at 100°C to
vaporize the water. However, the reaction and its operating conditions were both chosen
quite arbitrarily. If the atmosphere temperature were 7°C (44°F), water would condense
at 1.0 kPa (0.01 atm.) pressure or more. Therefore, the storage charging reaction could
take place at a temperature somewhat greater than 390°C (734°F) corresponding to an
equilibrium pressure of 1.0 kPa in Figure 5-2. The energy evolved during condensation of
the water vapor at 7°C would now be given off to the environment as shown in Figure 5-7
and "stored" there. When energy is required from storage, the water would be vaporized
at a temperature slightly below 7°C using the "stored" heat in the atmosphere to give a
water vapor pressure below 1.0 kPa, Thus, from the equilibrinm curve of Figure 5-2, the
reaction of the caleium oxide stored at 390°C and the water vapor would produce heat at
a temperature below 390°C and the input and output temperatures could be very
similar. Figure 5-8 presents the results of this case graphically, and when compared to
Figure 5-6 shows the energy distribution to be very similar. For convenience, all
subsequent calculations consider operation of the system at 520°C as an example
although different conditions may be required in practice without a major change in the
conclusions.

As an independent check on these results, the energy released per weight of total
"material is shown as a function of temperature in Figure 5-9 for an ammoniated salts
system using the coupled reactions 25 and 26.

MeCly *6NH, (5) st MgCly * 2NH, (s) + 4NH, (g) (25)

CaCly"4NH3(s) + 4NHj(g) = CaCl, " 8NHy(s) (26)

The thermodynamic data available for the latter two reactions is far less reliable than
for the previous pair, and crude estimates must be made to calculate the energy
requirements. The first energy storage reaction occurs at 135°C (275°F) for an ammonia
pressure of one atmosphere. The second reaction is used to store the ammonia and take
place at about 32°C (90°F) at one atmosphere ammonia pressure. Both salts are stored
at their reaction temperatures, and the energy available below 135°C is again that
associated with the cool down and reaction of ammonia (reaction 26) for storage. This
system must be operated in a chemical heat pump mode if the gaseous ammonia is to be
stored with the solid CaCly by reaction 26. Although the total possible chemical heat
pump coefficient of performance is higher than for caleium oxide/hydroxide, the percent
energy delivered at the storage generation temperature is only slightly better than
before.

Some additional penalty must be assessed against storage system efficiencies to account
for thermal losses of the materials stored at high-temperatures. Considering the final
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" total efficiency, complexities of operation, and temperature drops between the storage
and release conditions, chemical reactions with material maintained at the high
temperatures appear less desirable for thermal energy storage than latent heat-of-fusion
materials. The only advantage offered by the reactions is a generally higher energy
storage density at the elevated temperatures. This advantage is slight for many of the
reactions. However, if the reactants and products could be stored at temperatures close
to ambient, the thermal losses and container corrosion problems in storage would be
substantially reduced, and chemical storage would offer substantial advantages.

The simplest way to get the products to ambient conditions is to let them give off their
sensible heat either to the load if it can be used at the available temperatures or to the
surroundings if it cannot. If caleium hydroxide is stored at 25°C, it ean be dehydrated at
one atmosphere pressure by heating it up to 520°C. (Figure 5-10.) The calcium oxide
and water vapor produced at 520°C are then cooled down to 25°C (or any other low-
temperature) for storage. When energy is required from storage, the cool water and
caleium oxide react in much the same way as for hydrated lime production, and energy is
drawn off at 520°C. The caleium hydroxide is then cooled down from 520°C to 25°C.

Figure 5-11 presents the distribution of released energy with respect to available
temperature for the operational scheme just described. The small amount of energy
shown at 520°C is that released during the discharge reaction while the larger quantity
of energy released at 100°C arises from condensing the water for storage. The sloping
lines in the figure represent the energy released in cooling down the calcium oxide and
water to 25°C after charging storage as well as the energy available in cooling down the
caleium hydroxide after the discharge reaction. As shown in the figure, only 14% of the
solar energy added to the system is available at the original input temperature of
520°C. If the energy is useful at all temperatures, then a coefficient of performance
equal to one results although the wisdom of using a 520°C collector to generate so much
low-temperature energy could be questioned.

As discussed previously, evaporation of the water by waste heat (or ambient heat if all
other conditions are altered) increased the temperature of the energy delivered. If this
chemiecal heat pump mode is adopted again to heat the stored water from 25°C to 100°C
and vaporize it using waste heat as shown in Figure 5-12, the energy distribution is as
shown in Figure 5-13. The chemical heat pump operation makes it possible to deliver
44% of the input solar energy near the 520°C temperature. It is theoretically possible to
obtain 309% more energy from the storage system than the energy used to.charge it
although most of the energy is no more useful in the process than the "waste" heat used
to evaporate the water. Figure 5-14 presents similar results to those discussed above for
the ammoniated salts system of Equations 25 and 26. Sixty-nine percent of the solar
energy used to charge storage is available now during discharge at the higher tempera-
ture.

From the preceding results, it is apparent that the sensible heat changes associated with
heating and cooling the reactants and products is significant. For home heating or other
applications in which energy is useful over a wide spectrum of temperatures, the
operational schemes can be adjusted only slightly from the simplistic ones discussed
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above to take advantage of unique heat pumping capabilities, and more energy can be
obtained in principle from the system than was applied by solar. In these cases, the
sensible heat is used more effectively. It is possible that the energy distribution curves
such as in -Figure 5-13 may match the load requirements for high-temperature
processes. However, the operational schemes described are not generally satisfactory
for applications where significant value is placed on high-temperature heat but little if
any value is placed on low-temperature heat.

Dramatic improvements in high-temperature energy delivery capabilities are possible if
the energy storage and release reactions are carried out in continuous reactors with heat
exchange. For example, to charge storage, the calcium hydroxide at 25° C could be first
passed through a countercurrent heat exchanger and then into a reactor where solar
energy would drive the reaction at 520°C. The calcium oxide and water vapor would be
separated at the reaction temperature to prevent subsequent back reaction, and then the
two products would flow back through the heat exchanger to give up their sensible heat
to the incoming calcium hydroxide. More sensible heat is available for heat exchange in
the products than required by the reactants, and assuming the reactants could be heated
to close to 520°C in the heat exchanger, about 1.46 MJ of solar energy is needed per kg
of calcium hydroxide to charge storage. .

Two possiblilities can be devised to use the energy from storage. First, liquid water and
caleium oxide at 25°C are passed through separate passages in a countercurrent heat
exchanger and are mixed in a continuous reactor to produce a temperature of 520°C.
Energy is taken from the reactor at 520°C by the load, and the caleium hydroxide
produced flows back through the countercurrent heat exchanger to give up its sensible
heat to the incoming reactants. More energy is now needed to heat the reactant to
520°C than is available in the products, and the energy available from the reactor is
0.879 MJ per kg of Ca(0H)2. Thus, just over 60% of the solar energy required to charge
storage is available at 520°C assuming effective heat exchange is possible. Although this
is not completely satisfactory, it is a dramatic improvement over the 14% level observed
in Figure 5-11 for the same concept but without heat exchange. The energy delivered at
520°C in the heat exchange system is shown graphically by the dashed line in
Figure 5-11. The energy "wasted" at other temperatures is not shown since the data
available to perform the more detailed analysis required to determine the profile is
sketehy.

The- second route employed to release the stored energy combines the chemical heat
pump mode with the heat exchange system to make up for the "wasted" heat. Water is
heated up from 25°C to 100°C and vaporized using heat available above 100°C. The
vaporized water and the cool calecium oxide then pass through separate passages in a
countercurrent heat exchanger. These materials are mixed in a reactor where they give
up heat at 520°C for the load. The caleium hydroxide formed passes back through the
counterflow heat exchanger to give up its heat to the incoming reactants. Somewhat
more sensible heat is available in cooling down the calcium hydroxide than is required to
heat up the oxide and water vapor; and 1.410 MJ of energy is released to the load per kg
of calecium hydroxide produced assuming complete heat exchange is possible. Thus, as
shown by the dashed line in Figure 5-13, about 97% of the solar energy needed to charge
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storage is available at the input temperature (520°C). The dashed vertical line in
Figure 5-14 shows the result of combined heat exchange and heat pumping for ammoni-
ated salts. An essentially 100% efficiency is predicted.

The analysis used here is cursory in nature and neglects some of the practical considera-
tions which must be addressed for real systems. For instance, some drop will be required
in the energy release temperatures if the heat for vaporizing water during discharging of
storage is pumped from the heat sink used during charging. The exact amount of this
shift depends on the reaction kinetics and reactor design tradeoffs. The temperatures of
the heat source and sink for heat pumping depend on the application and location, and the
system operating temperature must shift to fit the equilibrium requirements for these
temperatures. Furthermore, reactions other than calecium oxide/hydroxide and
ammoniated salts are available, and the operating temperatures will be altered for
different systems. To be complete, studies must be done of an integrated solar/storage
system. However, in the final analysis, the basic conclusion should still remain: heat
exchange and chemical heat pumping are necessary for chemical storage at ambient
temperatures if a reasonable fraction of the solar energy used to charge storage is to be
delivered at a temperature close to that of the collector. Heat exchange decreases the
amount of sensible heat losses while chemical heat pumping counteracts the losses that
are apparently unavoidable if materials are to be stored at ambient conditions. For gas-
solid reactions, substantial research and development are required to economically and
efticiently provide these capabilities.
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SECTION 6.0

DOE STORAGE PROGRAMS

This section summarizes major recent projects in thermal energy storage funded by the
Department of Energy primarily through the Chemical and Thermal Branch of the
Division of Energy Storage Systems (STOR), the Research and Development Branch of
the Division of Solar Applications (R&D), and the Solar Thermal Branch of the Division of
Central Solar Systems (Solar). Since there are a substantial number of programs in
thermal storage, only a brief table of contract titles, contractors, funding organizations,
and project summaries is presented here. If a project is monitored by an agency other
than the funding organization, a note appears in parenthesis below the funding agency.
Only the programs which have possible application to solar energy storage are included.
Further details are available in publications prepared by the branches funding the
research [39, 42] and the laboratories administering the programs [43, 44] or by direct
correspondence with these agencies. A more detailed summary and evaluation of
thermal energy storage projects for low-temperature applications is being prepared by
Dr. F. Baylin at the Solar Energy Research Institute, and a preliminary report will be
released soon.

The summary has been checked by the various laboratories monitoring the programs prior
to publication. The projects are broken down according to the mode of thermal storage
(sensible, latent, or chemical heat) as far as possible and studies which span more than
one mode are listed as a general category at the end. An attempt is made to further
subdivide these headings according to the issues addressed although many of the
programs actually cover more area than this breakdown suggests.
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PROJECT TITLE

A. SENSTBLE HEAT STORAGE

L.

Tn Ground Stnruiz
Subsurface Waste Heat Storage,

Expecimzntal Study

Feasibility Study foc
Aquifer Coolness Storagz at

JEK Afrport

Leng Duracion Earth Storage
ot Solar Enevgy ’

Underground Storage of Solar
Enerygy

Thernal Fnergy Sturage in
Umlerground Aguifars

Rock Bed Azcumularcors

CONTRACTOR
(LNVESTIGATOR)

Aubura University
(). C. Warmar, F. J.
Molz)

Desert Reclamation
Industries

George Washington
University

(S. W. Yuan,

A. M. Bloom}

University of Houston
(R. E. Collins)

Lawrenze Berkeley
Labocua:zory
(C. F. Tsang)

University of
Minnescta
(M. Rizz)

FUNDING AGENCY

STUR (activel

STOR (complete)

STOR (complate)

Solar (STOR mon.)
(active)

STOR (active)

STOR (ﬁomplete)

PROJECT SUMMARY

Test aquifer thermal storage concept and provide
data for calibration of mathematical wodels
describing transport of heat in ground water.

Explore feasibility of cooling JFK Airport in
the summer with water stored in an aquifer in
the winter.

Evaluate analytically long-term earth storage of
solar energy for space and hot water heating and
determine the economics of promising concepts.

Establish feasibility of high-tewperature, high
pressure  stocage of thermal energy in deep
saline aquifers or solution caverns created in
salt domes by theoretical studies and survey of
potential sites.

Study mathematically and understand the hydrvody-
namic and thecrmal behavior of an aquifer when
used for hot or chilled water storage, estimate
the energy storage and retrieval efficiency, and
suggest optimum arrangements.

Investigate the technical and economic feasibil-
ity of storlng large amounts of thermal energy
at temperatures to 500°C over periods of up to
31X months using native earth or rock, conduct
studies to establish the performance chacacter-
istics of large rock bed accumulators at various
power and temperature levels, and assess the
naterial and environmental problems associated
with operation of such large units.
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PROJECT TITLE

A. SENSIBLE HEAT STORAGE (cont'd)

1. In Ground Storage (cont'd)

Storage of Cold Water in
Groundwate~ Aquifers for
Cooling Purposes ~ Phase I

2. Storage Analysis and Design

Computer Modeling and Exper-
imental Measurement of Thermal
Stratification in Water Tanks

Develop anid Apply Theoretical
Model of Flow Stratification
in Solar Systems

Stratifications and Seasonal

Storage Studies

Series-Parallel. Solar Augmented
Rock Bed Meat Pump

CONTRACTOR

(INVESTIGATOR) FUNDING AGENCY

Texas A & M Research
Foundation
(D. L. Reddell)

STOR (active)

University of Alabama
in Huntsville
(S. T. Wu)

R&D (active)

Argonne National
Laboratory
(E. I-H. Lin, W. T. Sha)

R&D (active)

Argonne National
Laboratory

(J. G. Asbury,
R. 0. Mueller)

STOR (active)

Califcrnia State
University
(E. F. Sowell)

R&D (active)

PROJECT SUMMARY

Study and evaluate cold water aquifer storage
system for air conditioning, monitor water
movement and temperature profiles to verify
existing numerical models, and evaluate storage
efficiency,

Evaluate and improve one dimensional stratiflca-
tion code for TRNSYS type programs and obtain
detailed experimental data for use In validation
of three dimensional transient codes under
development by Argonne Laboratory.

Develop a detailed three dimensional transient
single fluid computer code with a two dimen-
sional option for modeling thermal stratiflca-
tion and hydrodynamic and heat flow in liquid
heat storage tanks, validate the model, optimize
heat storage and solar system designs and param—
eters for stratification, and expand to multi-
fluid systems later.

Determine the benefits of stratified thermal
storage and evaluate the economics of seasonal
tharmal energy storage.

Define the performance advantages and disadvan-
tages of a solar rock bed thermal storage/heat
punp subsystem in a series-parallel configura-
tion by computer wmodeling and simulation and
develop the concept to the poilnt where it can be
considered for detailed design in {installations,
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PROJECT TITLE

A. SENSIBLE HEAT STORAGE (cont'd)

2.

Storage Analysis and Design (cont'd)

Heat Transfer Properties of Soll

Rock Bed Storage for Cooling

Conceptual Cesign of Thermal
Energy (TES) Systems for Near-—
Term Electric Utility
Applicatione

-

Thermal Energy Storage in
Solids

Storage Fluld Evaluation

Central Recelver Preliminary
Deslgn - Extended Testing of
Storage Fluids and Flow Loop
Experiment

CONTRACTOR
(INVESTIGATOR)

Colorado State
University
(D. Kempar)

Drnatech R&D
Company
(E. C. Guyer)

General Electric Co.
(E. W, Hall)

Jet Propulsior
Laboratory
(li. H. Turner)

Martin~Marfetta Corp.
(T. R, Heaton)

McDonnell-Douglas
(R. W. Hallet)

FUNDING AGENCY

ReD (inftiating)

R&D (complete)

STOR (active)

STOR (complete)

Solar (actlve)

Solar (active)

PROJECT SUNMARY

Investigate soil heat transfer propecties
including water migration and heat flux in
small-scale experiments, evaluate the effects of
moisture om heat transfer, Investigate use of
barriers for wmoisture control, and undertake a
small-scale field study of these effects.
Studies are dlirected toward {in—ground thermal
energy stocage and earth source heat pump appli-
cations.

Investigate and quantify on a reglonal level the
costs and performance of using rock beds chilled
by night air or air from an evaporative cooler
as an alr conditioning system,

Examine the Ffield of proposed concepts for
thermal ena2rgy storage systems and select,
conceptually design, and analyze the most prom-
ising for near-term electric utillty applica-
tions.

Assess feasibility and problems in storage of
thermal energy in hollow stecl ingots and plpes
surrounded by an inexpensive solid and estimate
the economic pecformance of the systems when
integrated with a baseload power plant.

Provide engfnecering and chemical data on changes
in hydrocarbon oil with high-temperature cexpo-
sure and define treatment of the fluid to extenl
tts life in thermal storage appllicatlons.

Provide data on fluld stability, compatibility,
and surface fouling to permit fluid seloection
for thermal storage applications.
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PROJECT TITLE

A. SENSIBLE HEAT STORAGE (cont'd)

2,

Storage Analysis aund Design (cont'd)

Prediction of Performance of
Solid Sensible Heat Thermal
Storage Units

Hybrid Thermal Storage with
Water

Multimedia Storage

Thermocline Storage

Molten Salt High Tempera-
ture Storage Media

CONTRACTOR -
(INVESTIGATOR)

Pennsylvania State
University
(F. W, Schmidt)

Rockwell Interna-
tional
(M. Moriarty)

Sandfa Laboratorlies,
Albuquerque
(C. E. Hackett)

Sandfa Lahoratorles,
Albuquerque
(C. E., Nackett)

Sandia Laboratories
Livermore
(V. P. Burolla)

FUNDING AGENCY

NSF (STOR wmon.)
(complete)

R&D (complete)

Solar (active)

Solar (active)

Solar (complete)

PROJECT SUMMARY

Determine parameters which chacacterize trans-
fent behavior of solid sensible heat storage
unlts, determine the transient response of
single and two €luid units, optimize the units
to provide maximum possible thermal storage
capability, and evaluate the accuracy of the
predicted results by experimental tests.

Survey state-of-the-art of hybrid water tank
with earth or wrock thermal storage, establish
four to six storage concept designs, obtaln data
from three hybrfd installattions visited, develop
and checkout hytrid storage computer subroutine,
select candidate hybrid designs, and simulate
yearly performance of these concepts on a com
plete system model such as TRNSYS.

Mintimize thickness of thermocline region, reduce
convective currents which degrade thermocline,
and minimize the amount of expensive heat trans-
fer fluld required {n multimed{a storage con-
cepts to be applied to near-term projects.

Mintinlze thickress of thermocline region and
reduce convective currents wiich degrade thermo-
cline 1in one tank system for application to
near—term projects such as the Shenandoah large-
scale experiment,

Study molten sait/rock material Interactlon,
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PROJECT TITLE

A. SENSIBLE UEAT STORAGE (cont'd)

2, Storage Analvsis and lUesign (cont'd)

011 Stability/Compatisility

Thermal Stability of Rocks

Solar Space Heating Systems
Using Annual Heat Storage

Annual Collection and Storage
of Solar lleated Water for
Heatling of Buildings

CONTRACTOR
(INVESTIGATOR)

Sandla Labaratorlies,
Livermor=
(V. P. Burolla)

" Sandia Laboratories

Livermora
(V. P. Burolla)

Universti:y of Toronto
(F. C. Heopar)

University of Virginia

(J. T. Beard)

FUNDING AGENCY

Solar (active)

Solar (initiated)

R&D (active)

R&D (complete)

PROJECT 3UMMARY

Evaluate high temperature cycling stabllity of
proposed heat transfer olls such as caloria
HUT43, therminol 66, Sun 21, and others and study
compatibility and interaction of these olls with
various netals, rocks, and sand.

Evaluate the thermal stabllity of rocks under
high temperature cycling with emphasis on
effects ¢f cycling on rock strength,

Explore thermal characteristics of large under-
ground etorage taunks, expand computer tank
performarce simulation and heat loss model to
include 3011 1layering and examlne square cor-
nered tawks, compare model predictions to real
data, determine relationship between primary
weather wariables and optimum aannnal storage
conflguration, and develap a noncomputer algo-
rithm ané design procedure to calculate optimum
system s’ ze and configuration on a 1life-cycle
cost basis.

Design amd construct a large trickle collector—

storage 7ool subsystem, develop and validate
computer digital and analog heat loss models (or
the heat loss from large storage pools, predict
pool performance with the model and compare to
experlmental measurements, and develop design
considerations and recommendations for a full-
scale ann:al storage pool.
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PROJECT TITLE

A. SENSIBLE HEAT STORAGE (cont'd)

2,

Storage Analysis and Design (cont'd)

Rock Bed Storage with Heat
Puwmp

Vessel Constructlion

The Development of a Gas
Backup Heating Water Tank
Properly Integrated with
Solar Heated Domestic Water
Storage Tanks

Thermal Energy Storage
Using Prestressed Cast
Iroun Vessels (PCIV)

Development of an lmproved
Water Tank for Thermal
Iknergy Storage

CONTRACTOR
(INVESTLGATOR) FUNDING AGENCY

2ia Assoclates, Inc, R&D (actlve)
tJ. . Anderson)

Altas Corporation R&D (active)
(F., de Winter) .

Graz University of STOR (complete)
Technology
(P. V. Gilli, G. Beckman)

Tndependent Living, R&D (active)
Inc.

(W. T. Nudson,

L. W. Rehfield)

PROJECT SUMMARY

Analyze the physical restraints lIavolved In
coupling an electrical heat pump to a counven-
tional rock bed storage air system with cur-
reatly available €flat-plate solar collectors,
obtain a wmethod Ffor sizing, locating, and
arranging the components for optimum, cost-
effective performance, develop a control stra-
tegy which optimizes the performance of a cost-
effective heat pump/solar system, and determine
optimum designs for new and retrofit applica-
tions 1including llfe-cycle costlng and optimum
operatlon strategles (f justified.

Design, bulld, and test a gas fired heat plpe
backup heater mounted on top of and Integral
with a solar heated domestic water tank.

Assess the feasibility and economics of the
prestressed cast 1{ron vessel developed as a
nuclear reactor pressure vessel for thermal
energy storage in thermal power stations.

Design a water tank with a foam core sandwiched
between a rigld fiberglass structural outside
layer and a flexible moilsture boundary layer
inside, lay up a prototype tank by hand Ffor
testing, and analyze liow production methods can
lower unit costs.
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PROJECT TITLE

A. SENSIBLE IIEAT STCRAGE (cont'd)

3.

Vessel Constructlon (cont'd)

Membrane Line Foundation
Systems for Liquid Thermal
Enecgy Storage

Lightwelght CJoncrete
Materlals and Structural
Systems for Water Tanks
for Thermal Energy Storage

fleat Transfer to Storage

Iavestigatlion of Methods

to Transfer leat from Solar
Liquid Heating Collectors to
Heat Storage Tanks

Direct Contact Ligquid-
Liquid tHleat Exchangers
for Solar Heated and
Cooled Buildings

CONTRACTOR

(INVEST1GATOR) FUNDING AGENCY

University of Nebraska R&D (active)

(K. C. Bourne)

Westinghouse Electrle
Corporation
(R. W. Buzkman)

R&D (activz)

Altas Corporation
(F. de Winter)

R&D (complete)

Colorado State
University
(1. C. Hard)

R&D (active)

PROJECT SUMMARY

Survey membrane lined storage devices, determine
most cost-effective material/enclosure alterna—
tives for three specified storage volumes,
investigate and auvnalyze alternate methods for
heat transfer, tdentify best heat exchanger
desigus, ewvaluate varlous desligns promoting
temperature stratificatton, prepare and utilize
cost models, and construct small-scale models of
several promising designs for testing.

Select materials, processes, and designs for
two-layer, structural, and insulating Foamed
concrete modular units and subscale 500 gallon
tanks; fabricate and test subscale modular units
and tanks; design, construct, and test a 2,000
gallon prototype tank; analyze structural and
thermal performance; provide economic analysis;
and make recommendatlons for optimization of the
materlals, designs, and fabricatton procedures
with emphasizs on retrofit applications.

Compile data on commerclally available heat
transfer fluids and heat exchangers, develop
computer simalatlion programs and analyze optimum
heat tranfer and flow rates, optimlze structural
design and cperational parameters for sclected
heat exchangers, and 1investigate drain down
systems for freeze protection,

Find liquids fmmiscible with water and with
suitable preperties; obtain experimental heat
transfer data for these liquids in an all glass
pllot plant; design, construct and install a
full-scale direct contact LUlquid-liqutd heat
exchanger; evaluate untt in controlled systewm;
and connect unit to solar house foc testing.
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PROJECT TITLE

B. LATENT MEAT STORAGE

1.

System Developmenz

Existing Subsystems that
Require Additional
llevelopment

calt Hydrate Thermal Energy
Storage System for Space
Hleating and Afr Coudftioning

bevelopment of a Phase Change
Thermal Energy Storage lUnit
Utilizing Modiffed Anhydrous
Sodium Hydroexide

Development of lutermedlate
Temperature Thernal Energy
3torage Systems

Molten-Salt Thermal Funergy
Storage Systems

CONTRACTOR
(INVESTIGATOR)

Artech Corporation
(F. Ordway)

CALMAC Manufacturing
Corporation
(C. b. MacCracken)

Comstock & Wescott,
Enc.
(B. M. Cohen)

University of Delaware
tJ. R. Moszynskli)

institute of Gas
Technology
tJ. Dullea,
B. C. Maru)

FUNDIRG AGENCY

R&D (active)

R&D (active)

STOR {complete)

R&D (STOR mon.)
(active)

STOR (active)

PROJECT SUMMARY

Deslgn, develop, and deliver a thermal encrgy
storage system usiog low-temperature phase
change salt hydrates packaged in plastic trays
for both heating and coollng applications.

Develop and fabricate three Eull-scale latent
heat thermal energy storage subsystems for three
different tewmperzture applications, measurc and
test thelr performance characteristics, develop
onsite filling equipment and procedures, and
prepare documentation required to use subsystems
in larger systems.

Measure relevant thermophysical properties of
modified aohydrsus caustic soda latent heat
storage medlum; design a storage unit utilizing
analytical mode? develaped previously; con-
struct, test, amd analyze a 1/10 scale storage
unit; make a preliminary design of 3.1 GJ capac-
ity unit for Sancdia hLaburatories STELF.

{deutify sultable materials for thermal storage
in the temperatune range 100°C to 300°C, compile
pertinent thermophyskcal data as far as possible
from exlsting tliterature, determine missing data
as requlred, and buitd and test a scale model of
a storage system using selected material.

Determine the technical feasibility of wusing
inorganic salts For phase change thermal enerpy
storage above 300°C, develop a wmathematical
model to predlct system behavior, and design a
large-scale protatype (100 kWh,  to 1000 kuh )
storage system {or Cfurther technlcal and eco-
nomic evaluatfon.
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PROJECT TITLE

B. LATENT UEAT STORAGE (cont'd)

1.

System Development (cont'd)

Research on Solar Energy Sub-
systems Utllizing the Latent
lleat of Phase Change of Certain
Organic Materlals - Phase 1L

New Concept Development

Solid-Solid Phase Change Resecarch
and Technolcgy

Immiscible Fluid Meat-of-
Fusion Storage System

Electron Beam Crosslinkirg of
Polyethylene

Sodium Sulfate Decahydrate
Mixtures as a Low-Temperature
Phase Change Storage Materfal
(Melting Point 55°F)

CONTRACTOR
(INVESTICATOR)

North Cavoline State
University
(J. A. Bailey?

CALMAC Manufacturing
Corporation
(C. D. MacCracken)

Clemson University
(D, D. Edie)

Unlversity of Dayton
(I. 0. Salyer)

University of
Delaware
(G. Frysinger)

FUNDING AGENCY

R&D (complete)

STOR (complete)

STOR (active)

STOR (inittiating)

STOR (active)

PROJECT SUMMARY

Analytically model, deslign, develop, and test
prototype sturage suhsystems which utilize
mixtures o:f paraffins identified as effective
and i{nexpensive in a previous study.

Design and Zabricate a sodium sulfate pebble bed
module for evaluation by NASA lewls Research
Center.

Evaluate feastbility of direct contact heat
transfer between aqueous salt phase change
material amd immlscible heat transfer fluld,
improve knowledge and understanding of heat and
masg transfa2r in these systems, and bulld and
operate small-scale systems.

Develop electron heam technique for crosslinking
hiigh density polyethylene to a formstahle
storage material which ts less expensive than
the clemica’ly crosslinked polyethylene devel-
oped by Monsanto.

Develop a storage concept for off-peak electric-
ity storage using Glauber's salt mixtures iIn

chub contaloers supplied by bDupont for low-

temperature stocage (50°F to 55°F).

@le=S
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PROJECT TITLE

B. LATENT HEAT STORAGE (cont’d)

2. New Concept Development (cont'd)

Macroencapsulation of Heat
Srorage Phase Change Materials

Taermal Energy Stovage by
Maans of Heat—of-Solutlon

Two Component Thermal
Material Study

Develop Rolling Cylinder
“hermal Storage System

Laboratory Studies of
Active lHleat Exchange Systems

N

CONTRACTOR
(LNVESTIGATOR)

Dcw Chemical Co.
(C. A, Lane)

Franklin Institute
Research lLahoratories
(k. Kaufmann,

D. Kyllonen)

Ganeral Electric Co.
(A. T. Tweedle,
E. M. Mchalik)

General Electric Co,
(C. S. Herrick)

Grumann Aerospace
vJ. P. Alavio)

FUNDING AGENCY

STOR (active)

STOR (complete)

R&D (complete)

R&D (STOR mou.)
(active)

STOR (actlve)

PROJECT SUMMARY

Select phase change aud encapsulation materials,
study encapsulation, test encapsulated wateri-
als, and design and evaluate economlecs of resi-
dential-sized storage systems.

NDevelop a compact, low cost, low maintenance
prototype thermal storage device hased oun latent
heat of crystallization of solutes from satu-
rated aqueous solutions and determine perform—
ance of a prototype thermal storage device.

Develop latent heat storage subsystems utillizing
a packed bed of encapsulated paraffin spheres as
a storage material with water as a heat transfer
fluld aud build and test a small-scale proto-
type.

Analyze and test storage material thermal per-
formance, select contalner materials compatible
with phase change material, synthesize a mathe-
matical model describing thermal behavior of
rolling cylinder system, and design and con-
struct a prototype unit. Clauber's salt will be
used for stocrage.

Select wedia and identify candidate heat ex-
change concepts for desipgn, Fabricatlon, and
testing.
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PROJECT TITLE

B. LATENT HEAT STORAGE (cont'd}

2.

New Concept Development (cont’d}

Laboratory Studies of Active
Heat Exchange Systems

Form-Stable Crystalline
Polymer Pellets for
Thermal Energy Storage

Energy Storage Boiler
Tank

Thermal Energy Storage
System Utilizing Fluidized
Bed lleat Exchangers

Phase Change Materials is Buildings

Encapsulation of Phase Change
Materials in Concrete Masonry
Construction

Thermocrete and Thecmotile
Building Components witl
Isothermal lleat Storage

CONTRACTOR
(INVESTIGATOR)

Honeywell
(R. T. LeFrols)

Honsanto Researc|
Corporation
(1. 0. Salyer}

Naval Research.
Laboratory
(T. A. Chubb;

To Be Determined
12/78

Brookhaven National

Laboratory
(M. Sansone)

Suntek Research
Associates
(D. Chaliroudid

FUNDING AGENCY

STOR (active)

STOR (complete)

STOR (actlive)

STOR (initiating)

STOR (completed

STOR (complete;

PROJECT SUMMARY

Select medla and 1déntify candidate heat ex-
change concepts for design, fabrication, and
testing.

Develop a formstable crystalline ponlyethylene
and demonstrate feasibility for a thermal enecrgy
storage bed material useful 1n the 120°C to
140°C tempz=rature range.

Study energy storage at about 400°C by latent
heat-of-fuslon of naturally occurring salts with
evaporation/condensation af a fluld for heat
transfer to and from the salts which are sealed
in containers.

Assessment study.

Develop tz=chniques for 1incorporating PCH's
(phase change materials) into concrete bullding
materfals, characterize mechanical, physical,
and chemical properties, and determine eco-
nomics,

Demonstrate the feasibility of developlng buiid-
ing components with 1sothermal heat storage
through the use of a phase change materlal
suspended 1n a concrete matrix.
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CCNTRACTOR

PROJECT TETLE (INVESTIGATOR)

H. LATENT HEAT STORAGE (cont'd)

L6

3

4

Phase Change Material Selectlon (cont'd)

Engineering Design for Thermocrete Suntek Research
Central Storage Units for Low- Assocliates
Temperature Solar Applications (C. Tilford)

Phase Change Materjal Selection

Sodium Sulfate Decahydrate (Glauber's University of Delaware
Salt) as Medium-Temperature Phase (N, Telkes, P. Kando)
Change Thermal Stcrage Material

Alloy Thermal Storage Media University of Delaware

(C. E. Birchenall)

Thermophysical Prcperties and Ozk Ridge National
Behavioral Characteristics of Lzboratory

Phase Change Materlals (S. Cantor)
lavestigation of Metal Fluortde Pennwalt

Thermal Energy Starage Matertals Corporation

(5. L. Eichelherger)

FUNDING AGENCY

R&D (terminated)

STOR (complete)

STOR (active)

STOR (complete)

STOR (complete)

PROJECT SUMMARY

Develop M.1.T. computer program further which
models behavior of thermocrete (phase change
materlals 1njected in modular Cfoamed cement
storage units coated with rubber), simulate
system performance and size components with the
model, analyze cost of each Ffinalized design,
and fabricate and test two promising small-scale
lieat storage subsystems.

Report prlor research on materlal, describhe
preparation of the mixture, document the 1000-
cycle performance experiment, aund perform exper-
iments to amplify above and reproduce cycling,

Survey properties of fusible alloys for use as
latent heat thermal sgtorage medla above 200°C
and measure the heat of transformatton, speciflc
heat, and volume change on transfocrmation of
selected blnary alloys.

Compile a list of compounds and mixtures sufe-
ahle for Lsothermal heat storage within 90°C to
250°C range based on published data and labora-
tory evaluations aund develop laboratory tools
for rapidly evaluating chemical behavior and
thermal performance of phase change materials.

Assemble and evaluate properties of metal fluo-
rides for thermal storage applications, deter-
mine Ffuture availability of metal fluorides for
potential significant markets, and estimate the
future costs of the fluorides 1f manufactured on
a large scale.
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PROJECT TITLE

B. LATENT HEAT STCRAGE (cont'd)

4.

Phase Charge Materfal 3election (cont'd)

CONTRACTCR
(INVESTIGATCR)

The Use of Solid-State Phase
Transitions for Thermal Energy
Storage

Phase Change Analysis and Testing

Studies of Salt lydrate
Nucleation and Crystal Srowth

Heat Transfer Aspects of Solar
Energy Systems - Develojment

of Design Procedures for Thermal
Storage in Molten Salts

Crystal Structures of Salt
Hydrates and Nucleators

Experimeatal Thermal Trensport
Studies in Melting-Freezing System

Villanova University
(A. Lefflzar)

Desert Research
Institute
(J. Halle:t)

Universit= of Houston
{N. Shamswndar)

Oak Ridge Nacional
Laboratory
(W. R. Bueing)

Oak Ridge Natilonal
Laboratory
(R. Deal)

FUNDING AGENCY

STOR (complete)

NSF (STOR mon,)
(complete)

Solar (STOR man.)
(active)

STOR (complete)

STOR (active)

PROJECT SUMMARY

Find new substances capable of storiug thermal
energy by solld-state phase transitions.

To study nucleation and growth of hydrate salt
crystals with application to thermal energy
storage.

Develop ccmputatfonal techiniques and analytical
models to study heat transfer characteristics of
molten salts; ascertain the tnfluences of super-
cooling, volume changes, impurities, and fouling
on solidification; and obtain design and per-
formance data to check results,

Determine crystal structures of phase change
materials and nucleators by neutron diffraction
experiments to understand crystal aucleatlion
phenomenon..

Assess a computer model for thermal energy
storage in phase change matecials, collect
fundamental heat transfer data durlng melting
and freezlng of various materials, and provide a
facility for testing of proposed PCM materials.

#le=S

680341



66

PROJECT TITLE

B. LATENT HEAT STORAGE (cont'd)

C.

CONTRACTOR
{ INVESTIGATOR)

5. Phase Change Analysis and Testing (cont'd)

Thermal Cycling Facillty for
Testing Prototyps TES Units

Mathematical Modeling of
Moving Boundary Problems

REVEXSIBLE REACTION STORAGE

1.

Thermochemical Reaction Storage

Solar Energy Storage by
Reversible Chemical Reactions

Development of Operational
Chemical Cycles for the
Storage of Solar Energy

Dak Ridge National
Laboratory
(R. Kedl)

Dak Ridge National
Laboratory
(A. Solomon)

Atomics lnternational
(T. M. Springer)

University of Houston
(W. E. Wentworth)

FUNDING AGENCY

STOR (actlve)

STOR (active)

STOR (complete)

Solar (STOR mon.)
(active)

PROJECT SUMMARY

Build a thermal cycling facility for testing
prototype thecrmal energy storage (TES) compo-
nents and build two test loops -~ one for a
liquid thermal transport fluid and the other for
alr as the thermal transport fluid.

Develop a time-dependent computer simulation
describing thermal transport in a melting-
freezing system for application to thermal
storage by phase change materlals.

Determine the chemical characteristics of
Cca0/Ca(0H), reaction experimentally and analyze
fluidized bed and moving-solids concepts for
technlcal and economic feasibility.

Develop and demonstrate a reversible chemical
reaction cycle based on ammonium hydrogen sul-
fate which can be used for solar energy storage
and regeneration In conjunction with electrlcal
power generation systems in the 450°C to 500°C
range.
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PROJECT TITLE

C. REVERSIBLE REACTION STORAGE f{cout'd)

1. Thermochemical Reaction Storage tcont'd)

CONTRACTOR
(ENVESTIGATOR)

The Chemical Storage of
Thermal Energy

Thermochemical Energy
Storage Systems

Chemical Energy Storage for
Solar Thermal Conversiow

2. Chemfcal Hleat Pump Developmznt

The Chemical Heat Pump
(Hydrated Salt Heat Pump)

Lawreuce Berkeley
Laboratory
(A. S. Foss, S. Lynn)

Martin Marietta
Corporation

(F. A, Jaeger,
M. T. Nowertan)

Rocket Research Cotp.
(D. Hustable,

R. D. Smith)

Sandta Livermore Lab.
(J. J. Tannucct)

Chemical Energy
Speciallsts
(L.. Greiner)

FUNDING AGENCY

STOR (actdve)

STOR (complete)

STOR, Solar, NSF¥
(STOR mon.)
(active)

STOR (com)lete)

PROJECT SUMMARY

Synthesize and evaluate chemical flow sheets for
processes employing S0, or methane/steam re-
actions, leook for configurations that promlse a
high energy storage efficliency, and compare
processes to sensible and latent heat storage.

technical feasibility of using

Demonstrate
paired ammontated salts for thermal energy
storage, abtain kinetic and property data on

various ammoniated salts, demonstrate reversi-
bility and repeatabllity over a oumber of
cycles, develop a computer slmulation of an
ammoniated salt reactor, and compare cost of an
ammoniated salt system with conventional storage
systems.

Select reactions which -may be useful in reversi-
ble chemical reactfon energy storage, evaluate
selected reactions on thermodynamic and kinetic
grounds, make a preliminary design and model of
energy stotage systems based on these reactlons,
and study the technlcal and economic feasibility
of extending the concept to baseload power
generation.

Study experimentally and analytically a chemical
heat pump based on vapor hydration of salts for
heating and cooling of residences and provide
background for design and fabrication of a pre-
prototype storage unit,

He=ES
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PROJECT TITLE

C. REVERSIBLE REACTION STORAGE (cont'd)

2,

Chenical Heat Pump Levelopment (cont'd)

Methanol-Based Single-
Substrate Heat Pump for
Solar Thermal Storage

Solar Cooling Using Paired
Ammoniated Salt Reactions

Sulfuric Acid/Water Inte-
grated Chemical FEnergy Storage

Thermochemical Pipeline Development

Clcsed-Loop Chemical Systems
for Energy Storage and
Transmission (Chemical Heat
Pipe)

Cyclic Catalytic Solar
Energy Storage Systems

CONTRACTOR
(INVESTIGATOR)

EIC Corporation
(P. 0'D. Offenhartz)

Mariin Marietta
Corporation
(F. A. Jaeger)

Rocket Rescarch Corp.
(E. C. Clark)

General Electric Co.
(H. B, Vakil)

University of Houston
(J. T. Richardson)

FUNDING AGENCY

STOR (active)

R&D (STOR mon.)
(active)

STOR (active)

STOR (complete)

Solar (STOR mon.)
(complete)

" ance,

PROJECT SUMMARY

Find combinations of inorganic salt substrates
and methanol that are thermodynamlcally and
kinetlcally suitable for chemnical heat pump
thermal energy storage and use the data obtained
to deslgn and analyze various storage configura-
tlons as a basis for construction and testing of
a prototype unit for residential applicatlons.

Establish feasibility of constructing chemlcal
heat pump based upan paired ammunliates, perform
and verify engineeriug analysis and design, and
design prototype system.

Determine feaslbiliﬁy of using sulfuric actid and
water as chemical storage medla, generate bhasic
design concepts, estimate system costs, select a
concept for detailed sizing and scallng analy-
sis, design and coustruct a subscale demonstra-
tion system, conduct tests to verify perform
and provide recommendations for pllot
plant deslgn.

Tdentify and evaluate technical feasibility and
cost of most promising options of the chemical
heat pipe for United States applications, par-
tlcularly 1in transporting thermal encrgy over
large distances.

Optimize process stages of the FVA-ADAM chemical
heat pipe concepts for solar applications and
determine steam reforming-liquid sodium receliver
process parameters to establish range of temper—
atures, pressures, and compositions to bhe con-
countered by reforming catalysts.
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PROJECT TITLE

C. REVERSIBLE REACTION STORAGE {cont'd)

4,

Generic Research

Kinetics of Dissoclative
Chemical Reactions in
Storage Systems

Development of Ammoniated
Salt Thermochemical Energy
Storage Systems - Phase 11

Heat Transfer Investigation
in Chemical Systems for
Thermal Storage

Development of a Long-Life,
High-Temperature Catalyst
for the S0,/S05 Energy
Storage System

D. GENERAL TUERMAL STORAGE

1.

Storage Studies and Models

Commercial Feasibility cf
Thermal Energy Storage

CONTRACTOR
(INVESTIGATOR)

University o
California at Davis
(7. Munir)

Martin Marietta
Corporation
(F. A. Jaeger)

Martin Marietta
Corporation
Colorado State Univ.
(C. Prenger)

Rocket Research Corp.
(E. Schmidt)

Argonne National
Lahoratary
(J. G. Ashury

FUNDING AGENCY

STOR (acttve)

STOR (active)

STOR {(complete)

STOR (actlve)

STOR (active)

PROJECT SUMMARY

Perform literature study of thermal decomposi-
tion reactions; select chemical systems for
continued experimentation; design, €fabricate,
and check out experimental apparatus to obtain
kinetic data; gather experimental reaction rate
data; and develop detailed wunderstanding of
kinetics,

Determine reaction rates, heats of reaction, and
bulk density for selected ammoniates; design,
fabricate, and test a subscale reaction system;
and upgrade system performance computer models.

Determine packed bed thermal conductivity,
fluid-to-sclid heat transfer coefficlents, and
heat transfer coefficients between the hed
solids and the gas and tubes Iimmersed in the
bed.

Evaluate experimentally the ability of currentiy
available commercial catalysts to Ffunction in
the SOZ/SOi storage system and develop new, mare
durable catalysts if necessary.

Identify near-term cost-effective thermal stor—
age technologles, speclfy cost/performance goals
for advanced systems, and commercialization
strategies, and recommend storage R&D.
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FROJECT TITLE

['. GENERAL THERMAL STORAGE (cont'd)

Scorage Studies and Models (cont'd)

Daveloping and Upgrading of
Solar System Therwal Enecgy
Storage Simulation Models

Aralysis of Advanced Tharmal
Energy Storage Subsystems for
Solar Heating and ‘Coaling

Evaluation of Self-Drivan
Hzat Transport Schemes

Rezsearch on Energy Storage
for Solar Thermal Conversion

CCNTRACTOR

(INVESTIGATOR) FUNDING AGENCY
Bceing Computer R&D (actlve)
Services, 1nc.

(J. Kuhn)

EIC Corporation R&D (complete)

(F. 0'D. Offenhartz)

Franklin Institute R&D (complete)
Research Labs
(G. P. Wachtell)

Xerox Electro-Optical NSF (STOR mon,}
Srstems (complete)

(3. A. Carlsou,

J. L. Clayton)

PROJECT SUMMARY

Acquire and  evaluate all available thermal
energy storage component models, upgrade and
valtldate the models, and standardlze and stream
1ine the best models as  compatible system
Jibrary modules tn an overall storage component
linkage program (ASSESS).

Mesign and construct an overall heating and
cooling model; construct sensible, phase change
and reversible reaction storage subsystem
models; examine electric heat pump with storage
and absorption and Rankine cycle air condition—
ing with storage; construct a chemical heat pump
storage model; test the models; wake simulation
runs on.published designs; and make additlional
simulations on the most promising designs,

Survey, analyze, and compare on basls of techni-
cal feasibillity, performance capablility, cost-
effectiveness, and safety all potential self-
driven heat transport methods and recommend
which systems, 1f any, deserve further develop-
ment.,

Provide 1identification, definition, and concep-
tual design of {mproved sensible.and latent heat
storage systems. and component subsystems for
temperatures of 400°F. to 600°F and 900°F o
1100°F. '

.
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SECTION 7.0

DISCUSSION AND RECOMMENDATIONS

In this section, the thermal storage technologies are briefly discussed and some
recommendations for future research directions are made. The assessment is based on
information assembled in preparing this report. Since storage is not a prime source of
energy, storage concepts must be evaluated in the context of a final application with
appropriate component costs, backup fuel costs, etc, to clearly define the best storage
choice for any given system. Furthermore, the climatic conditions may significantly
alter the economic storage role for different locations. Due to the interactions between
the system, storage, the climate, and backup fuel costs, the analysis is complex, and a
considerable variation of storage needs is anticipated. Therefore, the generalizations
offered here should be used only as a guideline, and a detailed analysis should be made to
define specific storage system needs. :

7.1 SENSIBLE HEAT STORAGE

For low-temperature storage, it is probably impossible to develop less costly sensible
heat storage materials than water and rocks. The greatest need is to minimize the cost
of containers, insulation, heat exchangers, and other equipment associated with use of
these common storage materials. Currently, the DOE supported studies summarized in
aquifers, ground storage, low-cost tanks, and direct contact heat exchange are directed
toward reducing these costs. Studies are also in progress to evaluate the benefits of
stratified water tanks and understand their performance for design purposes. The
fundamental basis for design of sensible heat storage systems is well in hand for
conventional mixed tanks and rock bins, and predictions.of . their performance based on
fundamental principles have been quite successful. The design knowledge for storage
concepts such as aquifers, solar ponds, and stratified storage is far less satisfactory and
considerable research work must still be done to achieve confidence in performance
predictions. ' :

For high-temperature sensible heat storage, the- commercially available liquids are
generally expensive, and containment of water at elevated pressure is also expensive.
For short-term storage durations with large temperature swings, these options may have
acceptable economics. However, they are not attractive for long-term storage.
Moreover, many of these liquids degrade at high temperatures, and fluid must periodi-
cally be added to the system with additional costs. Some of the materials require
stainless steel vessels thereby driving the cost up further. Research directed toward
improving the lifetime of sensible heat storage fluids could be useful. In addition, new
fluids could be developed which are more suitable for high-temperature thermal energy
storage provided the projected costs of such specialty fluids and their containers would
be acceptable.
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Approaches such as underground caverns and prestressed cast iron. vessels offer some
promise of reducing containment costs, and innovative research is needed in this area.
Solid materials are economically more attractive for high-temperature storage than the
fluids mentioned and their volume requirements are comparable. However, research and
development are needed to find heat transfer fluids which can be used in direet contact
with the solids over long time periods. The effect of temperature cyeling on solid
integrity and on the interaction of the solid and a storage vessel must be studied as
well. Although some work has been initiated in these areas, they deserve more emphasis
because of the short-term potential. Finally, low cost containment is still desirable for
these storage materials.

7.2 LATENT HEAT STORAGE

Materials which undergo a phase transition at an essentially constant temperature are
conceptually attractive for thermal energy storage. Under DOE support, studies have .
been and are being undertaken to identify storage materials to satisfy a range of
temperatures. Low-cost materials are available for a number of thermal energy storage
applications. Some continued work is required to examine the ability of these materials
to withstand thermal eycling and determine their corrosiveness.

The price of providing adequate heat transfer is a significant part of the total storage
system cost for latent heat materials. Innovative research and development are required
to overcome this cost barrier. Programs in immiscible fluid heat transfer, encapsulated
materials, and form-stable materials have been funded by DOE to reduce the cost of low-
temperature heat-of-fusion storage. A system which utilizes phase change materials
contained in plastic "chubs" is projected to cost less than a rock bed for low-temperature
storage although excessive air circulation rates may be required because of the low phase
change temperature. The ability of the system to withstand long-term cyeling must still
be established. '

Projects on active heat exchangers which prevent buildup of the frozen layer have
recently been initiated for high-temperature latent heat storage. Continued efforts are
required to improve the understanding of heat transfer in latent heat systems and apply
that knowledge to reduce storage system costs, particularly for high-temperature
storage. The economics of each new system should be carefully evaluated in a total
system context before spending significant funds on research to be certain the concept
has sufficient merit to warrant turther development. In addition, promising latent heat
storage systems should be subjected to long-term cyecling to ascertain their reliability.

7.3 REVERSIBLE REACTION STORAGE
Thermal energy storage by reversible chemical reactions offers very high energy storage
densities. In principle, storage of energy is possible at ambient or near ambient

conditions, and tank size and insulation requirements can be minimized. Chemical heat
pump reactions also offer a reduction in solar collector area with a potential cost
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savings. Overall, thermal storage by reversible chemical reactions has a possibly
significant storage role, and increased research and development is worthwhile.
Reactions have been identified which have potential for thermal energy storage, and as a
class, gas-solid reactions have a number of significant advantages for solar energy
storage as discussed in Section 5.0. However, there are significant problems in heat and
mass transfer in gas-solid reactions. Storage by reversible gas-solid chemical reactions
is both new and complex, and limited experience has been assembled in the design and
operation of storage devices. Most systems under current development are for heating
and cooling applications and require extensive heat exchanger surface area at significant
cost. Thus, even though the heat pumping capability may reduce the collector area, the
total system economics may not be encouraging. Furthermore, the actual coefficient of
performance has not been evaluated for chemical heat pumps, and a real reduction in
collector area has not been established. In addition, the source of a number of problems
in the use of reactants such as magnesium hydroxide is not understood.

Substantial further research is necessary to understand the complexities and limitations
of reversible chemical reactions and develop the most cost-effective means of storage
for the final application. Fundamental analyses are needed to understand the heat, mass
transfer, and kinetics of gas-solid reactions to aid in effective reactor design. Particular
attention should be devoted to high-temperature gas-solid reaction systems to determine
whether the energy can be delivered at temperatures which are acceptable for the
projected end use and if the efficiencies are acceptable.

Other reactions besides the gas-solid type may be suitable for solar energy storage, but
important questions must be satisfactorily answered to clearly establish their role. For
instance, catalyzed reactions are attractive because no material separation step is
necessary. However, gaseous components are involved in known reactions, and they must
be compressed for storage. The cost and parasitic power requirements for compression
must be carefully evaluated. For some systems such as the S04/S0,/0, reaction,
atmospheric oxygen might be used in the system to eliminate the compressor power
requirements, but the feasibility and environmental acceptability of this concept must be
demonstrated.

Noncatalyzed liquid reactions such as the NH 4HSO 4 reaction mentioned in Section 3.0 are
attractive because they could avoid the solid heat transfer problems, but separation of
the gases produced may be too complex to achieve satisfactory economies. The likely
acceptability of toxic substances must also be assessed early in each program to be
certain the technology can be adopted later. In all storage systems, careful analyses are
required to establish the parasitic power requirements, energy delivery efficiencies, and
energy delivery temperatures dnce sufficient knowledge is available to be certain the
concepts are useful in the context of an entire solar application. These analyses should
be performed early in a project before extensive development effort is expended, and
concepts which cannot deliver energy at competitive costs with alternate storage
systems should be abandoned.
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7.4 THERMAL ENERGY STORAGE APPLICATIONS

In addition to developing more cost-effective storage devices based on the various
thermal storage technologies, goals must be developed in cooperation with projected
users to guide technology selection. Studies have been performed to provide guidelines
for the economically optimum amount of storage and other requirements for some
applications. Those analyses must be updated as new solar and storage technologies
become available to be certain that an integrated system is, in fact, economically
attractive. Specific storage requirements such as charge rates, discharge rates,
temperatures, reliability, storage durations, and cost criteria must be determined for
important solar applications, particularly those to be commercialized in the near future.

General requirements should be specified along with economic tradeoffs to allow storage
workers to examine the various available technologies and select the best téchnology for
further major development at a pace consistent with the identified application. The
results can also be used to identify important problem areas for immature concepts, and
research directed toward resolving these problems. Efforts have begun in this area for
solar thermal power applications, but far more work is needed for all applications [45].

Cost data on specifie storage devices is a step in identifying useful storage concepts, but
does not provide a total picture of their utility. A total systems study is required to
identify the merit of a particular storage concept to a given application. For example,
suppose a new system looks promising because the storage costs are low. However, only
about 50% of the solar energy charged to the storage system can be delivered to the load
from storage. Relative to a storage device operating at close to 100% efficiency, the
less efficient storage system would require more collector area to provide the "lost"
energy. Since solar collectors generally are significant in the total system cost, the
extra collector area could offset the price savings offered by storage. Even if the
storage system is essentially free, the total delivered energy cost in the entire solar
system could be higher than for more costly, but alsa maore efficient, storage devices.
Furthermore, the inefficient storage unit might deliver energy at temperatures far lower
than from the solar collectors and at unsatisfactorily low rates. Only a study of the
integrated solar/storage system will clearly establish these deficiencies and whether the
tradeoffs necessary are cost-effective.

As part of the system studies for storage, a definitive investigation of seasonal storage
of energy would be beneficial. The studies cited in Section 2.0 indicate that less than
two days' storage provides the lowest cost energy for home heating. Houwever, other
workers have indicated that for Northern latitudes, seasonal starage is more attruclive
for home heating because the storage unit can be charged up more readily in times of
high insolation than in times of low insolation. Thus, as storage capacity is added to a
system, a second minimum may occur in the delivered energy costs. If possible, both
optimums should be found for every important application and its projected locations
when systems studies are done; and their relative economics established for various
seenarios (fuel escalation rates, discount rates, ete.).. The result would allow a clearer
definition of the merits of seasonal versus short-term storage for important applications.
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7.5 RECOMMENDATIONS

The following points summarize the most important recommendations presented
previously in the order discussed:

Research and development programs aimed at providing low cost containment
and heat exchange for water and rocks should continue since these materials
are attractive for low-temperature storage in solar home heating systems.

More effort is required on research and development of low-cost storage
systems for specific intermediate- and high-temperature solar applications.

Heat transfer in solid materials, including direct contact methods, requires
considerable research and innovation if storage in heat-of-fusion materials and
gas-solid reactions is to become economically attractive. Inexpensive
containment methods also deserve study because such methods could alleviate
the need for reducing the cost of the heat transfer process. This type of
research should take precedence over continued identification and studies of
storage materials.

For thermal energy storage by reversible chemical reactions, the temperature
distribution of the energy delivered from storage, the parasitic power
requirements, the energy storage densities, total system requirements, and
required shifts in temperature for reaction should be carefully assessed for
competing technologies to determine their effects on energy delivery costs.
Based on such studies, the reaction classes should be identified to decide which
of these warrant further research and development for solar appllcatlons
Other aspects such as toxicity must also be evaluated.

Specific target applications and their requirements must be identified with
major efforts directed toward developing specific storage technologies to meet
these targets over appropriate time spans. Technologies which offer little
promise of ever satisfying the identified targets should be eliminated and the
effort devoted to those with the greatest potential for both near- and far-term
applications.
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